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Chapter 1. Introduction 
1.1 Motivation 
 
In recent years, there has been an immense interest surrounding the fabrication of 
nanoparticle assemblies as they represent a popular route toward the preparation of advanced 
functional materials as well as a central concept in nanoscience and nanotechnology [Tan05, 
Ham04, Lop01]. Due to their unique size-dependent properties, these materials are superior 
and indispensable in many areas such as, optoelectronics [Mai01], catalysis [Cam02] and 
optical data storage [Wen02] etc. The most prominent problem associated with metal 
nanoparticles is that they are very keen to be agglomerated owing to the high surface energy. 
In order to exploit their optical properties in all areas outlined above, they must be stabilized 
in solution/matrix to prevent the aggregation. To this end, polymer-nanoparticle composites 
are promising candidates, where the polymer matrix can control host-guest interactions to 
ensure a well-defined spatial distribution of nanoparticles, which can render the unique 
physical properties to the resulting nanoassemblies. Until now, a great number of carrier 
systems have been developed for the immobilization of nanoparticles, such as dendrimers 
[Sco05, Esu04], latex particles [Agr07, Agr08], microgels [Vin03, Bif03], or other polymers 
[Suz05, Mbh03]. However, in most cases, the polymer matrix only serves as a suitable 
scaffold for immobilizing the nanoparticles and preventing them from aggregation. In some 
specific applications, it would be highly desirable to modulate the spatial distribution 
between nanoparticles arising from the change in polymer chain conformations in response to 
some external chemical or biochemical species. To this context, polymer brushes are best 
candidates. Polymer brushes are the assemblies of macromolecules that are tethered by one 
end to the underlying substrate [Mil88]. Stimuli sensitive polymer brushes are a subclass of 
this system, which are capable of responding to the external stimuli such as temperature 
[Uso04], solvent polarity [Lem03], pH [Sid99], generally by reversible swelling-deswelling 
behavior. Recently, spherical polymer brushes [Sha04, Mei07] as well as planar polymer 
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brushes [Boy03, Tok04] have been employed for immobilization of different kinds of 
nanoparticles.  
The development of chemical and biological sensors is of growing interest for many 
analytical applications including the monitoring of environmental and industrial processes, 
the quality control of nutrition and water as well as for medical and security purposes. In 
recent sensor approaches, the change in fluorescence of organic dyes or inorganic 
nanoparticles in different environments has been widely used to detect various ions and 
chemical substances [Ho05, Nut04, Sil97, Med01, Pri01, Uen93, Bo04, Che02, Wes02, 
Gol05, Med03]. In most of the cases, the environmental changes lead to quenching of the 
fluorescence [Che02, Wes02, Gol05] or to a shift of the emission spectrum due to energy 
transfer [Pri01, Med03]. Although the actual use of polymer brushes in commercial 
applications is still in its infancy, these systems potentially affect a variety of different 
surface properties, ranging from adhesion to tribology on many different substrates. This 
motivated us to combine the responsiveness of polymer brushes together with optical 
properties of nanoparticles for the fabrication of nanosensors.  
 
1.2 Research goals 
 
The prime aim of this thesis was to immobilize semiconductor/metal nanoparticles onto 
the responsive homopolymer brushes prepared on planar substrates and to exploit their 
possible application in fabrication of nanosensors. So far, only a very few studies have been 
reported for the incorporation of nanoparticles onto polymer brushes, grafted on macroscopic 
surfaces [Ion06, Tok04, Boy03]. Moreover, most of them described immobilization of 
nanoparticles exploiting no/very weak interactions such as van der Waals [Liu02, Gag01], 
hydrophobic-hydrophobic interactions [Ion06] between polymer brushes and nanoparticles. 
This might be very harmful for the environment as leaching of the nanoparticles in 
atmosphere has been claimed to be very carcinogenic and this issue comes in real picture 
when the system is being used as environmental sensors. In this thesis, incorporation of 
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nanoparticles into polymer brushes were achieved by exploiting relatively stronger bonds 
between the two moieties involved. Thus, the main goal of this thesis was to immobilize the 
nanoparticles onto polymer brushes via covalent/electrostatic/hydrogen bonding and 
representation of sensing capability of these systems.  
The exploitation of polymer brushes as a stabilizing polymer matrix for immobilized 
nanoparticles offers a number of advantages (1) the constraint of one end attachment of 
polymer chains in brush conformation controls the distribution of nanoparticles on the 
surface. (2) The presence of a large number of functionalities on each polymer chain offers a 
high spatial density of binding sites, which leads to the high density of immobilized 
nanoparticles and hence renders complete coverage of substrate. Insufficient coverage of the 
surface can be detrimental for the application of these nanostructures in the fabrication of 
nanodevices. (3) It offers strong binding of immobilized nanoparticles on the underlying 
substrate as polymer brushes are bonded to the coupling layer via covalent bonding. (4) Exact 
positioning of nanoparticles is possible via selecting suitable functional groups at both 
components involved. (5) This approach is versatile in nature and can be applied to modify 
various macroscopic surfaces via immobilization of different types of nanoparticles.  
Scheme 1.1 presents an overview of the work presented in this thesis. In the first step, 
different types of stimuli-responsive (solvent/pH/temperature/ions) polymer brushes were 
prepared on an underline substrate by exploiting the ‘grafting to’ technique. In addition, a 
series of nanoparticles (metal, metal-oxide and semiconductor) were synthesized and 
subsequently functionalized with an appropriate surface modifier to facilitate their 
immobilization on polymer brushes. In second step, synthesized nanoparticles were 
immobilized on different types of polymer brushes by means of covalent/ electrostatic/ 
hydrogen bonding. Finally, the application of fabricated polymer brush-nanoparticles 
assemblies in the fabrication of nanosensors has been demonstrated. Additionally, strong 
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polyelectrolyte brushes were prepared on a suitable substrate and their swelling behaviour 
with the change in the nature and concentration of counter ions was investigated.  
 
 
Scheme 1.1 Schematic presentation of the research plan of present thesis. 
 
Temperature 
responsive 
brushes 
Ion  
responsive 
brushes 
pH  
responsive 
brushes 
Solvent 
responsive 
brushes 
Immobilization of  
nanoparticles on  
responsive polymer brushes 
NPs  
immobilized 
along the  
polymer  
chains In-situ 
synthesis 
of NPs 
NPs 
Immobilized 
at the end of 
polymer 
chains 
Fabrication of  
nanosensors 
Synthesis of  
responsive 
polymer brushes 
 
Quantum  
dots 
Magnetic  
nanoparticles 
Silver 
nanoparticles 
Gold  
nanoparticles 
Synthesis of 
functionalized 
nanoparticles 
INTRODUCTION                                                                                                                      5 
 
1.3 Thesis outline 
 
The present research work focuses on the chemical/physical immobilization of a variety 
of inorganic nanoparticles on stimuli responsive polymer brushes. The outline of this thesis 
can be given as follows:  
• Chapter two details theoretical background for the polymer brushes. 
• Chapter three describes myriad experimental techniques employed for the 
characterization of the prepared nanoassemblies. 
• Chapter four contains the synthesis procedure and detailed characterization of a 
variety of stimuli responsive polymer brushes.  
• Synthesis and characterization of a number of semiconductor/inorganic nanoparticles 
have been presented in Chapter five. 
• Chapter six describes process and detailed characterization of the immobilization of 
different types of nanoparticles on polymer brushes.  
• Application of prepared nanoassemblies in the fabrication of nanosensors is given in 
detail in Chapter seven. 
• Chapter eight presents the summary and outlook of the research work. 
• References and list of published/submitted articles have been given at the end of the 
thesis. 
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Chapter 2. Theoretical foundations  
2.1 Neutral Polymer brushes 
Definition:  
The term “polymer brush” means a layer of chain-like polymers with one end 
immobilized on a substrate in such a way that the grafting density is high enough to oblige 
the polymer chains to stretch away from the grafting surface due to excluded volume effect 
[Gen76, Gen80, Ale77, Mil91, Hal92, Fle93, Zha00]. In the grafted polymer systems, inter-
chain interactions lead to strong stretching of the polymers from a surface to a much larger 
length than they would be in a free melt. Figure 2.1 illustrates a typical schematic 
presentation of polymer brushes grafted on an underline substrate where dg represents 
distance between two neighbouring chains and H is thickness of brush. 
 
Figure 2.1 Schematic illustration of a polymer brush. 
 
Different regimes:  
Polymer chains grafted on a substrate can be classified in several regimes with different 
static and dynamic properties depending on the degree of polymerization (or chain length, N), 
the grafting density ‘σ’, and the quality of the solvent in surrounding media. On the basis of 
grafting density (σ = dg
-2), one can distinguish three regimes: (i) the so-called mushroom 
regime, where the distance between the grafted chains is larger than their radius of gyration 
‘Rg’. As a result the chains do not overlap and no chain stretching occurs (Figure 2.2a), (ii) 
the intermittent regime called as pancake regime, where the polymer chains start to overlap 
H 
dg 
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slightly as shown in Figure 2.2b and (iii) the strong overlapping regime, where the distance 
between the chains is much smaller than the lateral size occupied per chain and is called as 
brush regime (Figure 2.2c). 
 
Figure 2.2 Schematic illustration for surface-attached polymers in different regimes:  
(a) "mushroom", (b) "pancake" and (c) "brush". 
 
Theoretical foundations: 
A polymer brush is defined as a dense assembly of flexible, long-chain macromolecules 
that are physically or chemically anchored at one end to a surface [Bir90, Gen80, Mil88, 
Mil88a, Mut89]. The requirement that the assembly is dense is satisfied when the average 
distance between anchor sites is much less than the unperturbed dimension, so called radius 
of gyration ‘Rg’ of an isolated chain. It can be correlated with polymerization index (N) as 
follows: 
dNRg
υ∝ ………………...................... (2.1) 
where exponent νd depends on the solvent quality. The mean-field values of νd for flexible 
macromolecules range from 1 (for a poor solvent) to 3/5 (for a good solvent) [Gen78, Lif78, 
Gen75, Flo49]. The overlap density is defined as 
dNRN g
ol υπσ 212/ −∝= ……………… (2.2) 
If the overlap condition is fulfilled, intermolecular contacts, force the macromolecules 
into a stretched, distorted conformation to relieve local crowding. The spatial extent of the 
assembly is determined by the balance between the entropic elasticity opposing the stretching 
(a) (c) (b) 
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and the osmotic pressure ∏mix arising from contacts between segments [Flo53, Gen79], 
expressed in virial form as follows; 
                              ......,
3
1
2
1 32
3
+++≅
Π
ωφυφ
φ
NTk
a
B
mix ………… (2.3) 
Where T is the temperature; kB is the Boltzmann constant; a
3 is the volume of a polymer 
segment; ф is the polymer volume fraction; and v and w are the dimensionless second and 
third virial coefficients, respectively. The second virial coefficient, or the excluded volume 
integral, can be positive or negative and is interpreted as the interaction between two 
segments that are not locally directly chemically bonded. The first term in the virial 
expansion is negligible for N >> 1, and the magnitude of the second term dictates the 
behavior of the brush. The hallmark test of the brush regime [Hal92, Mil91] is that the 
average thickness or spatial extent H (more precisely, the first moment of the normalized 
segment density distribution) of the tethered assembly scales with the grafting density σ as 
ασNH ∝ ……………………………… (2.4) 
where α indicates the dominant driving force for chain stretching, and the exponent α is 
related to νd through α = 1/2(1/vd −1). As excluded volume interactions switch from repulsive 
to attractive, the value of α increases. In an athermal solvent, repulsive excluded volume 
interactions dominate, and α = 1/3. In a theta solvent, three-body interactions dominate, and α 
= 2/3. In very poor solvents, attractive excluded volume interactions dominate, and α 
approaches unity. A comparison of equations 2.1 and 2.4 readily reveals how the grafting 
surface imposes certain constraints on end-tethered macromolecules. Foremost, the thickness 
of the end-tethered assembly is always linearly dependent on N, independent of the molecular 
driving force for stretching. The result is that chain conformations in polymer brushes are 
always stretched with respect to their untethered counterparts.  
Depending on the grafting method, swelling ratios of 2–15 have been reported for good 
solvents [For06, Lev98, Kar94, Aur92a]. Self-consistent field calculations and molecular 
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simulations have shown that the density profile of the layer is described by a monotonically 
decreasing function [Mut89, Mil88, Zhu90, Cha90]. The stretching is inhomogeneous, and 
the chain ends are distributed throughout the layer. The collapse of the layer from a good to a 
poor solvent is accompanied by a change in the distribution of segments from a parabolic to a 
step profile, and the rearrangement of chain ends toward the periphery of the layer [Gre93]. 
The extent to which the layer contracts from good- to poor-solvent conditions depends on the 
tethering density: More densely grafted brushes contract less because steric crowding 
impedes collapse [Kil01]. Using equation 2.4 and the fact that α increases from 1/3 to 1, the 
ratio of the brush height in a good solvent to that in a poor solvent can be scaled as 
Hgood/Hpoor ∝  σ−2/3. This relationship assumes a high-enough graft density that the chains are 
still overlapped in the poor solvent case.  
2.2 Scaling approach of neutral polymer brushes 
 
The scaling approach was developed by Alexander [Ale77] and de Gennes [Gen80]. In 
a monolayer of end-grafted polymer coils which do not overlap, the coil shape is semisphere 
(Figure 2.3). The volume fraction of ‘r’monomer units (φ*) inside a single coil is 
φ* = Na3/R3……………………………. (2.5) 
Where N is the number of monomer units and a is the linear size of a monomer unit and 
2/12~ hR is the coil radius. Now determining order of values and thus omitting all 
coefficients, a dimensionless grafting density ‘σ’ is introduced here which is the ratio of the 
number of occupied grafting sites to the total amount of the grafted sites. Fraction of the 
grafting surface covered by the attached coils is: σR2/a2…………….. (2.6) 
Combining equation 2.5 and 2.6, the volume fraction of polymer chains on the distance Rz ≅  
from the grafting surface becomes: 
φ* (z ≅ RF) = (Na
3 / 3FR ). (σ
2
FR /a
2) = Nσa / (N3/5a) = N2/5σ     (in good solvent)………. (2.7a) 
φ* (z ≅ Rθ) = (Na
3 / 3θR ). (σ
2
θR /a
2) = Nσa / (N1/2a) = N1/2σ       (in theta solvent)……… (2.7b) 
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φ* (z ≅ Rp.s) = (Na
3 / 3.spR ). (σ
2
.spR /a
2) = Nσa / (N1/3a) = N2/3σ   (in poor solvent)……… (2.7c) 
Where, F, θ and p.s subscripts have been used for good, theta and poor solvent conditions, 
respectively. 
At the lower limit z ≅ a, φ* = σ 
The concentration profile between these two limits can be interpolated with a power law: 
                                           φ* (z) = σ (z/a)m………………(2.8) 
From the limit z ≅ R one can obtain:  
σ (RF/a)
m = σ (N3/5 a/a)m = σN2/5 and mF = 2/3                   (in good solvent)……………(2.9a) 
σ (Rθ/a)
m = σ (N1/2 a/a)m = σN1/2 and mθ = 1                    (in theta solvent)…………….(2.9b) 
σ (Rp.s /a)
m = σ (N1/3 a/a)m = σN2/3 and mp.s = 2                (in poor solvent)…………….(2.9c) 
 
Figure 2.3 Separated polymer coils end-grafted to a solid surface3. 
For the end-grafted polymer coils in the brush regime the average distance between the 
grafted sites (dg) equals:  
σ//)(// 2 aSnaanSd g === ………………………..(2.10) 
Where S is the surface to which n polymer chains are grafted, σ is the dimensionless grafting 
density. For a polymer monolayer in the brush state, the coil size is bigger than the grafting 
distance: R>dg. A grafted chain may be subdivided into ‘blobs’ of linear size dg, each of them 
containing a ‘g’ number of monomers, g<N. and dg can be presented as  
agd Fg .
5/3=     in good solvent .…………….(2.11a) 
                                               
3 Figure adopted from Dissertation, Denys Usov, Technische Universität, Dresden, 2004. 
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agd g .
2/1
θ=    in theta solvent ……………...(2.11b) 
agd spg .
3/1
.=     in poor solvent  ……………..(2.11c) 
 
Figure 2.4 Polymer brush (a) and its concentration profile (b) according to the scaling 
approach3. 
 
In the region occupied by the grafted chains, the blobs act as hard spheres and fill space 
densely (Figure 2.4a). Volume fraction of polymer is given as:  
3/2
3/4
3/4
3/43/5
3
3
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σ
σ
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32
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On the other hand, )/( 23 gHdNa=
∗ϕ ………………….. (2.13) 
Where H is the thickness of the grafted layer. From the equations (2.12a-c, 2.13 and 2.10), 
the layer thickness is derived for good, theta-, and poor solvents, respectively: 
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The concentration profile of a polymer brush derived from the scaling approach is imaged at 
Figure 2.4b. It is essentially flat according to eq. 2.14a-2.14b except the region near the wall 
a<σ<dg, where the profile is determined by eq. 2.8 and 2.9a-c. 
2.3 Polyelectrolyte brushes  
Definition: 
Polyelectrolytes (PE) brushes consist of macromolecules having ionized or ionizable 
groups in all or a part of the monomeric units. In comparison to a simple salt (electrolyte), 
aqueous solutions of PEs show a highly unsymmetrical distribution of the charged ions as one 
part of the ions is covalently linked to form the polymer chain whereas the corresponding 
counter ions can freely diffuse into solution. With respect to the ionic moieties, one 
distinguishes cationic and anionic as well as weak (also named as annealed) and strong (also 
known as quenched) PE brushes (shown in Scheme 2.1). Cationic and anionic PEs carry 
positive and negative charges fixed to the polymer chain, respectively. Strong PEs are ionized 
at all relevant pH-values, whereas weak PEs are only ionized in a limited range of pH-values. 
Examples for strong anionic and cationic PEs are poly(styrene sulfonate sodium salt) 
(PSSNa) and poly(diallyldimethylammonium chloride) (PDADMAC), respectively; 
poly(acrylic acid) (PAA) and poly(2-vinylpyridine) (P2VP) are representatives for weak 
anionic and cationic PEs, respectively.  
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Scheme 2.1 Chemical structures of different kinds of polyelectrolyte brushes, (1) Weak 
Polyelectrolytes, Anionic: Poly (acrylic acid) (PAA); Cationic: Poly (2-vinyl pyridine) 
(P2VP), (2) Strong polyelectrolytes, Anionic: Poly (styrene sulfonate sodium salt)  
(PSSNa); Cationic: Poly (diallyldimethyl ammonium chloride) (PDADMAC) 
 
 
2.4 Scaling approach of polyelectrolyte brushes 
 
These systems show a rich variety of conformations depending on typical brush 
parameters like the grafting density, solvent quality in surrounding media and external 
parameters such as ionic strength. A plethora of theoretical studies have been published to 
cover many aspects of both strong/ quenched [Pin91, Ros92, Zhu95, Zhu96, Isr94, Sei03, 
Zhu00, Zhu97] and weak/annealed [Isr94a, Bir96, Zhu99, Bor03] PE brushes. In the 
following, first, the strong PE brushes without added salt are described where theories of 
Pincus and Ross have been referred [Pin91, Ros92]. Then, the change in brush structure due 
to the presence of external salt at different concentrations is addressed [Isr94, Zhu97]. 
In the absence of external added salt:  
Assuming polymer brush system where a fraction f of the monomer units possesses an 
ionic group (eg. sulfonate). Each of these charges is neutralized by a monovalent small 
counter ion such as Na+. The dominant effect of electrostatics is to preserve local charge 
neutrality at the expense of the entropy of mixing of the counterions, which is increased if 
they can explore larger volumes. Defining ‘ζ’ as the distance scale over which a test charge is 
neutralized, two possible regimes can be identified, namely H ≥ ζ and H ≤ ζ. In the case of 
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strong charging (H ≥ ζ ), i.e. at high values of f, the counter ions are confined within the brush 
region and, the brush thickness is determined by a balance between the swelling effect of the 
counter ion entropy and the chain elasticity. With the use of the step function concentration 
profile, this immediately yields the swollen thickness (brush is called in osmotic regime, 
OsB); 
2/1
flNH ∝ ……………. (2.15) 
While in case of weak charging limit, where the counter ion distribution extends beyond the 
brush (H ≤ ζ ) and brush is in the so-called Pincus brush regime (PBr), swollen thickness can 
be derived as: 
                                 BflNH λσ
223∝ ……………… (2.16) 
Where λB is characteristic length in electrolyte systems named as Bjerrum length, which is the 
distance between two unscreened elementary charges at which the Coulomb interaction 
energy equals the thermal energy. This λB depends only on the properties of the solvent and 
the temperature and has a value of 0.71 nm in water at 20 °C. It is derived as: 
                                              
Tk
e
B
B
πε
λ
4
2
= …………….. (2.17) 
Where, ε is dielectric permittivity of the solvent, kB is Boltzmann constant, T is the 
temperature and e is the elementary charge. One can summarize the main results of these 
considerations in a ‘diagram of states’ for a PE brush in (f, σ-1)-coordinates according to 
Israels et al. [Isr94] and Zhulina et al. [Zhu95, Zhu96, Zhu97]. This is shown in Figure 2.5 on 
a logarithmic scale.  
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Figure 2.5 Schematic ‘diagram of states’ of polyelectrolyte brushes in (f, σ-1)-coordinates 
(NC: Non-overlapping coils, IS: Isotropically distributed sticks, OrS: Oriented sticks,  
OsB: Osmotic brush, PBr: Pincus brush, NB: Neutral brush)4 
 
 
When brush is immersed in a salt-free solution, at low grafting densities σ (or 
correspondingly at a large area per grafted polymer chain σ−1), three regimes are identified 
that correspond to individual polymer coil i.e. that are outside the brush regime: At low 
charge fraction f, the regime of quasi-neutral non-overlapping coils (NC) is located. This 
corresponds to the mushroom regime. At higher f this regime is bordered by the isotropically 
distributed sticks (IS) regime where chains are stretched due to intramolecular electrostatic 
repulsion. With increasing grafting density, intermolecular orientational effects occur leading 
to the oriented sticks (OrS) regime. The height of the grafted chains in these regimes is 
independent of the grafting density and scales with the degree of polymerization as HNC 
∝ N3/5 in the NC regime (here it shows the same scaling behaviour as individual polymer coil 
in a good solvent) and HIS,OrS ∝ N in the other two regimes. If σ is increased above the 
threshold of laterally overlapping chains, three polymer brush regimes are found. Weakly 
charged brushes exhibit a quasi-neutral behavior which is characterized by a dominance of 
nonelectrostatic excluded volume interactions over electrostatic interactions. This is called 
                                               
4 Figure adopted from Dissertation, Rupert Konradi, Albert-Ludwigs-University, Freiburg. 
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the neutral brush (NB) regime where the thickness of the brush scales similar to that of a 
neutral brush HNB ∝ Nσ
1/3. For stronger charged brushes, the osmotic brush (OsB) or Pincus 
brush (PBr) regime are defined as described above. Whereas in the OsB regime, the brush is 
swollen due to the osmotic pressure of the counterions, most counterions have left the brush 
in the PBr regime and the brush is mainly swollen due to the unscreened electrostatic 
repulsion among the charged segments. Both regimes strongly differ with respect to the 
predicted scaling of the swollen brush thickness. Especially remarkable is that H is 
independent on the graft density in the OsB regime (eq. 2.15) and cubically depends on the 
degree of polymerization in the PBr regime (eq. 2.16). 
 
Influence of external salts on PE brushes: 
 
Witten and Pincus [Wit87] have suggested that the osmotic pressure of a semidilute PE 
solution in the presence of external salt is given by 
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where, cci is the counter ion concentration, λD is the total Debye screening length and λD,ci is 
the Debye screening length due to counterions alone. The reciprocal values describe the total 
screening and the screening resulting from the counterions alone, respectively. The total 
screening is given by 
                                               
2
,
2
,
2 −−− += sDciDD λλλ .......................... (2.19) 
where  λD,s denotes the Debye screening length due to external salt. In the limit that screening 
due to external salt is much larger than that due to the counterions, i.e. when 1,
−
sDλ >>
1
,
−
ciDλ  the 
total screening can be approximated as 1,
−
sDλ ≈ 
1
,
−
ciDλ . Since 
2/1
,
−∝ ciciD cλ  and 
2/1
,
−∝ ssD cλ , one 
can obtain the osmotic pressure in this limit by equation 2.18: 
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Equating this with the elastic pressure, the equilibrium swollen thickness of a quenched PE 
brush in the so-called salted brush (SB) regime is derived as: 
           3/23/23/13/1 flcNH
s
−∝ σ ……………………... (2.21) 
This regime appears in the “diagram of states” (Figure 2.5) between the OsB and the PBr 
regimes and becomes larger with increasing salt concentration [Isr94]. It is noteworthy here 
that the swollen brush thickness decreases in the SB regime with the cube root of the salt 
concentration due to increasing screening. Although the brush (slightly) shrinks with 
increasing salt concentration, the chains remain stretched and show a scaling behavior similar 
to those of a neutral brush in a good solvent with an excluded volume parameter which is 
now proportional to 1−sc . In fact, the effective excluded volume parameter νeff can be written 
as 
sffe
cf /2+= υυ ………………..………….... (2.22) 
 
At very high salt concentrations, where νeff ≈ ν, one can identify the quasi-neutral brush 
(QNB) regime. The crossover between the OsB and the SB regime occurs when the 
concentration of counterions in the brush is equal to the concentration of external salt, i. e. at 
cci = cs. For cs < cci, the brush is in the OsB regime where low amounts of added salt do not 
influence the swelling of the brush. Equating the expressions for H in eq. 2.15 and 2.21 we 
find the transition between the two regimes at 
2/1
fcs σ∝ …………………………... (2.23) 
 
These features describing a quenched PE brush in the OsB and SB regimes have been 
verified by several experimental studies [Tra99, Guo01, Bie04, Bie04a]. 
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Chapter 3. Experimental techniques 
3.1 Atomic force microscopy 
 
The atomic force microscope (AFM), or scanning force microscope (SFM) was 
invented in 1986 by Binnig, Quate and Gerber. Like all other scanning probe microscopes, 
the AFM also utilises a sharp probe moving over the surface of a sample in a raster scan. In 
the case of AFM, the probe is a tip, positioned at the end of a cantilever which bends in 
response to the force between the tip and the sample. 
 
 
Figure 3.1 Schematic presentation of AFM instrumentation5. 
 
Because the atomic force microscope relies on the forces between the tip and sample, 
knowing these forces is important for proper imaging. The force is not measured directly, but 
calculated by measuring the deflection of the lever, by means of laser light (as shown in 
Figure 3.1). Hooke’s law gives F = -kx, where F is the force, k is the stiffness of the 
cantilever, and x is the distance the lever is bent. 
Modes of operation:  
AFM measurements can be performed in different types of modes depending on the 
distance between tip and sample as well as involved forces between them as shown in Figure 
3.2. 
                                               
5 http://www.nanoscience.com/education/AFM.html 
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(a) Contact Mode - As the name suggests, the tip and sample remain in close contact as the 
scanning proceeds. It results in topographical information with lateral resolution of <1nm and 
height resolution of less than 1Å.  
(b) Tapping (Intermittent contact or IC) mode - The cantilever is oscillated at its resonant 
frequency and positioned above the surface so that it only taps the surface for a very small 
fraction of its oscillation period. It gives accurate topographical information even for very 
fragile surfaces with 50Å lateral and <1Å height resolution. 
(c) Noncontact mode - In this mode, the tip hovers 50 - 150 Å above the sample surface. 
Attractive van der Waals forces acting between the tip and the sample are detected, and 
topographic images are constructed by scanning the tip above the surface. 
 
 
Figure 3.2 Forces involved in different types of AFM modes. 
 
In this work, AFM measurements were performed in intermittent contact mode (IC-
mode) or tapping mode
TM 
(Digital Instruments). In IC-mode, a probe cantilever is driven to 
vibrate with high amplitude (10–100 nm) near its resonant frequency by a piezoelectric 
element. Since the contact time between the tip and the sample is two orders shorter as 
compared to contact mode, the IC-mode is less damaging and typically used for imaging 
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Contact 
Tapping 
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topography of soft materials. Additionally, it provides valuable information about local 
viscoelastic properties and probe-sample polar/nonpolar interactions (phase imaging).  
All the AFM measurements described in this thesis, were performed with a Dimension 
3100 (Digital Instruments, Inc., Santa Barbara) atomic force microscope in the tapping mode. 
The AFM probes with the spring constant of 1.5–3.7 Nm
-1
, the resonant frequency of 45–65 
Hz and the tip radius of about 10-20 nm were used.  
Roughness analysis:  
The smoothness of a polymer layer on a solid substrate can be determined in terms of 
root mean square (RMS) roughness parameter by AFM analysis. RMS roughness parameter 
of a measured topology is calculated as: 
N
ZZ
RMS
N
i
avgi∑
=
−
= 1
2)(
…………………….. (3.1) 
Where, Zavg = ∑
=
N
i
iZ
1
, Zi is height at certain point of measured area, Zavg is average Z value 
within the area and N is number of measured points within the area. The parameter is a 
measure of average roughness of the surface. This parameter is always positive for non 
smooth surfaces. Higher the rms value, more the roughness of the surface.  
Surface coverage:  
The surface coverage (φ) of adsorbed nanoparticles on the polymer brushes can be 
estimated by the following equation: 
A
dP
4
%100 2π
ϕ = ………………………….. (3.2) 
Where d is the diameter of the nanoparticles and P is the number of nanoparticles detected 
per area A. 
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3.2 Ellipsometry 
Ellipsometry is a non-destructive optical technique for characterization of surfaces, 
ultrathin films and multiple layers. It is widely used in industries (e.g., microelectronics, 
optics) and surface science to control deposition, growth and etching of films, to study 
adsorption, swelling and optical anisotropy of thin films. The comprehensive description of 
this technique can be found in literature [Azz87].  
Basic methodology: 
Ellipsometry measures the change in polarization state of light reflected from the 
surface in comparison to the incident light of a sample (Figure 3.3).  
 
 
Figure 3.3 Basic principle of ellipsometry: Lineary polarized light is incident at oblique 
incidence, the reflected elliptically polarized light is analyzed (E: electric field with  
components parallel (p) and perpendicular (s) to the plane of incidence)6. 
 
The experimental data are expressed as tanΨ (relative amplitude ratio) and ∆ (relative phase 
shift), related to the Fresnel-reflection-coefficients Rp and Rs for p- and s- polarized light. 
These coefficients are complex functions of the angle of incidence Φ0, the wavelength λ, the 
optical constants of the substrate (NS) , the ambient medium (n0) and the layers (nj, kj), and of 
the layer thicknesses (dj), as shown below: 
                                               
6 http://www.uta.edu/optics/research/ellipsometry/ellipsometry.html 
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Where, j = 0, 1, 2... (number of layers) and N = n + ik (N: complex refractive index, n: 
refractive index, i: complex number, k: extinction index) 
The optical constants can also expressed as complex dielectric function ε with 
ε = ε1 + iε2 and N = ε
1/2  
The fit of the determined values of tanΨ and ∆ parameters of an optical model provides 
layer thicknesses and optical constants of layered substrates. But, the fundamental equations 
of ellipsometry are valid for systems consisting of homogeneous isotropic phases with 
smooth and parallel interfaces. Nevertheless surface roughness, graded or heterogenous 
composition and anisotropy can be modeled in some cases.  
Null and spectroscopic (multi angle/wavelength) ellipsometry:  
In order to acquire data with submonolayer precision, null ellipsometry [Azz87] is used, 
which provides the ellipsometric data ∆ and Ψ at very sensitive scale (δ∆<0.02, δΨ<0.01). 
Principle of null ellipsometry is shown in Figure 3.4.  
 
 
 
Figure 3.4 Principle of a null ellipsometer (analyzer azimuth A0 and polarizer azimuth P0)
7. 
 
                                               
7 http://www.ipfdd.de/fileadmin/user_upload/an/Ellipsometry.pdf 
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Briefly, a combination of polarizer and compensator (a kind of optical retarders used to 
shift the phase of one component of the incident light) is exploited to find an elliptical 
polarization that produces a perfect linearly polarized reflection. This particular state can 
easily be detected by using a second polarizer as an analyser in the reflected beam. For a 
linearly polarized beam, it is possible to extinguish the beam by setting the analyser to a 90° 
position with respect to the axis of the linear polarization. This is called “finding the Null” or 
“Nulling”. In practical, this is equivalent to finding a minimum in the signal of a photo-
detector.  
But the limitation of null ellipsometry is that only one single ∆, Ψ pair is obtained to 
describe the surface. If the sample deviates from the idealized ‘substrate/layer/ambient’ 
structure it is hardly possible to determine d and n precisely from this single ∆, Ψ pair. In 
order to overcome this difficulty, ellipsometric measurements at multiple wavelengths from 
the UV-Vis to IR region and/or variable angles of incidence are performed. By means of that 
large data sets of ∆, Ψ pairs can be aquired to characterize any interfacial state providing the 
capability of crosschecking the assumed optical model [Arw86]. Spectroscopic or the fast 
multi-wavelength in-situ ellipsometry are usually done using the photometric principle 
[Azz87]. Briefly, theoretical data are generated from the optical model and are compared 
with the experimental data. Unknown parameters in the optical model, such as thin film 
thickness or optical constants or both, are varied to try and produce a "best fit" to 
experimental data. Regression algorithms are used to vary unknown parameters and minimize 
the difference between the generated and experimental data. Physical parameters of the 
sample such as film thickness, optical constants, composition etc. are obtained once a good 
"fit" to the experimental data is achieved. The experimental setup and the analysis of the 
measured data have been described in literature [Wer99].  
Dry thickness and grafted amount of polymer layers were measured at λ= 632.8 nm and 
an incidence angle of 70° with a SENTECH SE-402 (Berlin, Germany) scanning microfocus 
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ellipsometer equipped with an XY-positioning table for mapping of the sample surface. The 
measurements were performed (with an accuracy of ± 0.1 nm) for each sample after each step 
of the modification to use the measurements of the previous step as a reference for the 
simulation of ellipsometric data [Min02]. The refractive indices used for the calculations are 
3.858- i0.018, 1.4598 and 1.525 [Iye03] for silicon substrate, native silicon dioxide layer and 
PGMA layer, respectively. Polymer brushes thickness were obtained by using n = 1.59 for PS 
[Iye03], n = 1.595 [Min02] for P2VP, n =1.466 [Hou03] for PBA, n = 1.527 [Hou03] for 
PAA, n = 1.499 for PNIPAAm [Spe01] and n = 1.52 for PSSNa [Spe01] brushes.  
The swelling of polyelectrolyte brushes was determined at λ = 632.8 nm and an angle 
of incidence of 68° with a Multiscope Optrel null-ellipsometer (Berlin, Germany) in a 
polarizer compensator-sample analyzer mode using a quartz cuvette as described elsewhere 
[Min02]. Protein adsorption studies were also performed ‘in situ’ on polyelectrolyte brushes 
using same setup. Swelling of the brush layer with and without particles was performed on 
Spectroscopic ellipsometer M-2000VI (J.A. Woollam Co., Inc.) equipped with an automatic 
computer-controlled goniometer and a horizontally mounted sample stage. Measurements 
were performed in a quartz cuvette (Hellma, Müllheim, Germany) filled with respective 
liquid at an incidence angle of 68° (Wave length range 370-1000 nm). 
3.3 Contact angle analysis  
 
Wettability is one of the most important properties of solid surfaces and is often used in 
fundamental material research to characterize a surface [Ber93, Gru01]. Wettability refers to 
the response evinced when a liquid is brought into contact with a solid surface initially in 
contact with a gas or other liquid. Wetting involves the interaction of a liquid with a solid 
including the formation of a contact angle at solid-liquid-fluid interface, the spreading of a 
liquid over a surface (displacing the fluid initially in contact with that surface) or the 
penetration of a liquid into a porous solid medium [Gru96, Gru00, Gru01]. The phenomenon 
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of wetting or non-wetting of a solid by a liquid is better understood by studying what is 
known as contact angle. Drop shape analysis is a convenient way to measure contact angles, 
and thereby to determine the surface energy. The drop of liquid forming an angle may be 
considered as resting in equilibrium by balancing the three forces involved (as shown in 
Figure 3.5). Namely, the interfacial tensions between solid and liquid (γsl), that between solid 
and vapour (γsv) and the one between liquid and vapour (γlv). The actual contact angle is 
determined by the sum of three geometrical forces applied to the three phase contact line 
between solid, liquid and vapor ( lvγ
r
, vsγ
r
, slγ
r
). The Young’s equation [Pau02] describes the 
relation between these forces.  
                                  lvlssv γγγθ
rrr
/cos −= ……………. (3.4) 
 
 
      Figure 3.5 Interfacial tension balance between solid, liquid and vapor. 
 
If θ is < 90° then the substrate is considered as hydrophilic. On the contrary, if θ > 90°, 
it indicates that substrate is hydrophobic in nature. The wetting is complete when the contact 
angle between a liquid and a solid surface is zero. In this case, the liquid forms a thin film on 
the solid surface. In present thesis, ‘DSA-10 Krüss’ (Hamburg, Germany) equipment (sessile 
drop method) was used to determine the contact angle of polymer brushes before and after 
the immobilization of nanoparticles. 
 
Solid 
Liquid 
Vapor 
γlv 
γsv 
γsl θ 
EXPERIMENTAL TECHNIQUES                                                                                            26 
 
3.4 X-ray photoelectron spectroscopy 
X-ray Photoelectron Spectroscopy (XPS) involves measurement of binding energies 
(Eb) of electrons ejected by interactions of an atom with a mono-energetic beam of X-rays 
[Cla77]. The most commonly employed X-ray sources are AlKα1,2 and MgKα1,2 with 
corresponding photon energies 1486.6 eV and 1253.7 eV, respectively. In principle, all 
electrons from core to valence levels having binding energies smaller than the quantum 
energy of the used X-ray source can be studied. The core orbitals are essentially localized on 
atoms (do not participate in inter-atom bonds) and therefore have binding energies 
characteristic for a given element. This is the reason for the emphasis in XPS on the study of 
the core levels. The electron binding energy is calculated from the photon energy (hν) of 
incident X-rays and the kinetic energy of the emitted electron (Ekin) according to the 
following equation: 
hν = Eb + Ekin…………….(3.5) 
Removal of a core electron is accompanied by substantial reorganization of the valence 
electrons in response to the effective increase in nuclear charge. This perturbation gives rise 
to a finite probability for photoionization to be accompanied by simultaneous excitation of a 
valence electron from an occupied to an unoccupied level (shake up) or ionization of a 
valence electron (shake off). As shown in Figure 3.6, these processes give rise to satellites on 
the low kinetic energy side of the main photoionization peak. In present thesis, XPS 
experiments were performed with an AXISULTRA spectrometer (Kratos Analytical, U.K.) 
equipped with a monochromized Al Kα X-ray source of 300 W at 20 mA. The survey spectra 
and high-resolution spectra were obtained at analyzer’s pass energy set value of 160 eV and 
20 eV respectively. All spectra were charge compensated using the C 1s peak of the saturated 
hydrocarbons (BE = 285.00 eV) or C 1s peak of the unsaturated hydrocarbons in the phenyl 
ring (BE = 284.68 eV) as reference peak [Bea92, Mou92].  
EXPERIMENTAL TECHNIQUES                                                                                            27 
 
 
 
Figure 3.6 Basic peaks in a XPS spectrum. 
 
To determine elemental ratios, normalized peak areas (φ) were calculated from peak 
areas (A) of survey spectra, respecting experimentally determined sensitivity factors and the 
spectrometer’s transmission function using following equation: 
TxRSF
A
.
=φ …………………………. (3.6) 
Where RSF is respecting sensitivity factor [RSF00] and Tx is spectrometer’s transmission 
function depending upon the kinetic energy of the photoelectrons. In order to obtain the depth 
of nanoparticles in the brushes, the samples were analysed at three different take-off angles.   
The take-off angle is defined as the angle between the surface normal and the electron optical 
axis of spectrometer. XPS analysis at the take-off angles of 0º, 60° and 75º reveals the 
information from the ca. ~8, ~4 and ~2 nm depth of a polymer brush layer, respectively 
[Bri89, Sea79].  
3.5 Transmission electron microscopy 
 
In the 1930’s, TEM provided the first insight into structural features on a sub-
micrometer scale. The transmission electron microscope overcomes the limitation of the 
optical microscope, the spatial resolution of which is limited to about half the wavelength of 
the visible light. Presently, the resolution limit in transmission electron microscopy is in the 
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order of about 0.1 nm using an acceleration voltage of about 200 kV. Figure 3.7 shows a 
schematic cross-section of a transmission electron microscope which typically contains two 
parts, the illumination and the imaging system. The former consists of the electron gun and 
the first and second condenser lenses. Electrons are emitted from a V-shaped heated tungsten 
filament whereas the emitted electron density is controlled by the voltage applied at the 
filament. A grid cap fading out parts of the electron emitting cathode allows the generation of 
a spot-shaped electron beam. A high voltage field accelerates the emitted electrons which 
reach the system of condenser lenses in the illumination system after crossing the ring anode. 
These lenses regulate the intensity and refocus the electron beam. The specimen is then hit by 
an intense, parallel beam of monoenergetic electrons.  
 
Figure 3.7 Schematic cross-section of a conventional transmission electron microscope. 
The imaging system is build up by the objective lens, the intermediate lens and their 
corresponding apertures, the projector lens, a phosphor viewing screen, and the photographic 
film or CCD camera. The most important parts of the imaging system are the objective lens 
and objective aperture which can either generate a bright-field or a dark-field image of the 
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specimen. The apertures act as filters mainly for elastically or inelastically scattered or 
transmitted electrons and are necessary to create a phase contrast in the sample. 
Specimens of low-density hydrocarbon materials like polymers must be less than 100 
nm thick while high-density metals should be less than 20 nm thick. Bright field is the most 
widely used mode of transmission electron microscopy imaging, selecting the weakly 
scattered and transmitted electrons by an objective aperture. The dark areas in the image 
correspond to strongly scattering areas in the specimen, indicating to the areas of higher mass 
thickness. In this work, size of as synthesized nanoparticles was determined by TEM images 
which were recorded on Zeiss Omega 912 microscope at an accelerating voltage of 200 kV. 
Samples were prepared via drying a drop of their dispersion on a carbon coated copper grid. 
3.6 Infrared spectroscopy 
Infrared radiation is the part of the electromagnetic spectrum which falls between the 
visible and microwave regions. The infrared portion of the electromagnetic spectrum is 
divided into three regions; the near-, mid- and far-infrared, named for their relation to the 
visible spectrum. The far-infrared lies approximately in the range of 400-10 cm-1 (1000–
30 µm), has low energy and may be used for rotational spectroscopy. The mid-infrared, 
which ranges approximately 4000-400 cm-1 (30–1.4 µm) may be used to study the 
fundamental vibrations and associated rotational-vibrational structures. Photon energies 
associated with middle part of the infrared (from 1 to 15 kcal/mole) are not large enough to 
excite electrons, but may induce vibrational excitation of covalently bonded atoms and 
groups. The covalent bonds in molecules are not rigid sticks or rods, but are more like stiff 
springs that can be stretched and bent. Virtually all organic compounds absorb infrared 
radiation that corresponds to energy to these vibrations. It permits to obtain the absorption 
spectra of compounds that are unique reflection of their molecular structure. The near-
infrared region lies in the range of 12,500-4000 cm-1 (1.4-0.75 µm). The near-infrared spectra 
consist of overtones and combination bands of the fundamental molecular absorptions found 
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in the mid infrared region. Near infrared spectra consist of generally overlapping vibrational 
bands that may appear non-specific and poorly resolved.  
Infrared spectra may be obtained from samples in all phases (liquid, solid and gaseous). 
Liquids are usually examined as a thin film sandwiched between two polished salt plates 
(note that glass absorbs infrared radiation, whereas NaCl is transparent). Alternatively, solids 
may either be incorporated in a thin KBr disk, prepared under high pressure, or mixed with a 
little non-volatile liquid and ground to a paste (or mull) that is smeared between salt plates. In 
this study, IR spectroscopy was used to prove the presence of certain functional groups on the 
surface of synthesized nanoparticles. Spectra were recorded on Mattson Instruments Research 
Series 1 FTIR spectrometer. Dried samples were mixed with KBr pellet and analyzed. 
3.7 Ultraviolet-visible spectroscopy 
Ultra-violet spectroscopy uses light in the visible (400-700 nm) and adjacent near 
ultraviolet (UV; 200-400 nm) and near infrared (NIR; 700-900 nm) ranges. In this region of 
the electromagnetic spectrum, molecules may undergo electronic transitions. The absorption 
of UV or visible radiation corresponds to the excitation of outer electrons. When an atom or 
molecule absorbs energy, electrons are promoted from their ground state to an excited state. 
As shown in Figure 3.8, in a molecule, the atoms can rotate and vibrate with respect to each 
other. When sample molecules are exposed to light having an energy that matches a possible 
electronic transition within the molecule, some of the light energy will be absorbed as the 
electron is promoted to a higher energy orbital. 
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Figure 3.8 Electronic transitions in a molecule. 
A diagram of the components of a typical spectrometer is shown in Figure 3.9. The 
functioning of this instrument is relatively straightforward. A beam of light from a visible 
and/or UV light source (colored red) is separated into its component wavelengths by a prism 
or diffraction grating. Each monochromatic (single wavelength) beam in turn is split into two 
equal intensity beams by a half-mirrored device. One beam, the sample beam (colored 
magenta), passes through a small transparent container (cuvette) containing a solution of the 
compound being studied in a transparent solvent. The other beam, the reference (colored 
blue), passes through an identical cuvette containing only the solvent. The intensities of these 
light beams are then measured by electronic detectors and compared. The intensity of the 
reference beam, which should have suffered little or no light absorption, is defined as I0. The 
intensity of the sample beam is defined as I. If the sample compound does not absorb light of 
a given wavelength, I = I0. However, if the sample compound absorbs light then I is less than 
I0, and this difference may be plotted on a graph versus wavelength. Absorption may be 
presented as (using the Beer-Lambert law): 
                            lc
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0
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Where A is the measured absorbance, l is the path length through the sample, and c is 
the concentration of the absorbing species. For each species and wavelength, ε is a constant 
known as the molar absorptivity or extinction coefficient. This constant is a fundamental 
molecular property in a given solvent, at a particular temperature and pressure.  
 
 
 
 
Figure 3.9 Schematic diagram of UV-VIS absorption spectrophotometer8. 
 
Unlike to bulk matter, nanoparticles of noble metals exhibit strong ultraviolet-visible 
absorption bands due to presence of surface plasmon resonance. The position, width and 
symmetry of these absorption bands provide useful information about the size, size 
distribution and inter-particle distances of NPs. In present study, UV-VIS spectra were 
measured in the range of wavelength λ = 300-900 nm with step width 2 nm by using Lambda 
900 spectrophotometer (Perkin-Elmer). The UV-VIS spectra of polymer brushes, 
immobilized with a variety of nanoparticles were measured in the dry state as well as in 
liquid state. For liquid measurements, they were fitted in a quartz cuvette filled with 
                                               
8 Figure adopted from http://www.cem.msu.edu/~reusch/VirtualText/Spectrpy/UV-Vis/uvspec.htm 
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respective liquid. For all measurements, cleaned glass/quartz substrates without 
brushes/nanoparticles were taken as reference. 
3.8 Materials 
3.8.1 Substrates 
Highly polished Si Wafers with <100> orientation and a native silicon oxide layer of ~ 
2 nm thickness were used as substrates, purchased from Silchem Handelsgeselschaft GmbH 
(Freiberg, Germany) or Wacker-Chemicronics GmbH (Burghausen, Germany). Before use, 
they were cut into an appropriate size and cleaned three times with dichloromethane in an 
ultrasonic bath for 15 minutes and afterwards in a mixture of ammonia solution (29%) and 
hydrogen peroxide (30%) in volume ratio (1:1) at 70°C for 1.5 h. Substrates were rinsed 
several times with millipore water, stored in the same, under argon overnight and dried with 
argon before use. Glass and quartz substrates were purchased from Manzel GmbH Co Kg, 
Braunschweig and Saint-Gobain Quartz, England, respectively. 
3.8.2 Solvents 
Millipore water (cleaned with Purelab Plus® ultrapure purification system) was used 
throughout the work. Toluene, Tetrahydrofuran (THF) and Chloroform, all were purchased 
from Acros and used after distillation for 3-4 h with standard drying agents. Methanol 
(Acros), Ethanol (VWR chemicals), Dichloromethane (Acros), Acetone (Acros), Benzene 
(Aldrich), Ammonium hydroxide (25%, Acros) and hydrogen peroxide (30%, Merck)  were 
used as received.  
3.8.3 Polymers 
Polyglycidyl methacrylate (PGMA) (Mn = 17500 g/mol, Mw/Mn = 1.70), α-hydroxy, ω-
carboxy terminated polystyrene (Mn = 9500 g/mol, Mw/Mn = 1.15) and carboxy terminated 
polymers; poly(2-vinylpyridine) (P2VP, Mn = 40600 g/mol, Mw/Mn = 1.08) , Poly (t-
butylacrylate) (PBA-COOH, Mn = 42000 g/mol, Mw/Mn = 1.12), Polystyrene (PS, 48000 
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g/mol, Mw/Mn = 1.05) and Poly (N-isopropylacrylamide) (PNIPAAm, Mn = 47600 g/mol, 
Mw/Mn = 1.22) were purchased from Polymer Source Inc, Canada and used without any 
further purification. 
3.8.4 Other chemicals 
Silver nitrate (AgNO3), Sodium borohydride (NaBH4), N-(3-Dimethylaminopropyl)-
N’-ethylcarbodiimide hydrochloride (EDC), N-hydroxysuccinimide (NHS), Phosphate 
buffered saline (PBS), Hydrogen tetrachloroaurate(III) (HAuCl4.4H2O), 
Tetraoctylammonium bromide (TOAB), 11-mercaptoundecanoic acid (MUA), Iron (II) and 
Iron (III) chloride and 3-aminopropyl trimethoxysilane (APTMS), Acetic anhydride, 
Sulphuric acid (95%), Potassium Chloride (KCl), Lithium Chloride (LiCl), Cesium Chloride 
(CsCl), Ammonium Chloride (NH4Cl) and sodium bicarbonate (NaHCO3) were purchased 
from Aldrich and used as received. 
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Chapter 4. Polymer brushes 
 
4.1 Introduction  
As mentioned earlier, polymer brushes refer to an assembly of polymer chains which 
are tethered by one end to a surface or an interface [Mil91, Hal92]. In terms of chemical 
compositions and architectures, polymer brushes can be classified into homopolymer brushes, 
mixed homopolymer brushes, block copolymer brushes, and branched polymer brushes as 
shown in following Scheme 4.1. 
 
Scheme 4.1 Possible architectures of polymer brushes. 
Films composed of polymer chains that extend along a direction normal to the grafting 
surface can exhibit properties distinctly different from chains in solution, and can exhibit 
many novel and different properties relative to the chains in solution and thus make polymer 
brushes an interesting field for novel properties. Examples of distinctly different properties 
include (1) interfacial localization of terminal groups [Net98], (2) diffusion control [Kra95], 
(3) regulation of steric repulsive forces [Nap83], (4) control of phase-segregation in response 
to external stimuli [Fle93, Bal97], (5) wetting control [Min02, Str03, Ism01, Bee00, Yu03, 
Xu05], (6) control of protein and cell adsorption [Sen05, Uhl07], (7) adsorption of molecules 
[Szl97], (8) lubrication [Kon04] and (9) flocculation control [Rav03]. 
Although the actual use of polymer brushes in commercial applications is still in its 
infancy, these systems potentially affect a variety of different surface properties, ranging 
from adhesion to tribology on many different substrates. For example, polymer brushes have 
been adopted to separate mixtures such as aqueous mixtures of biological compounds 
Homo Mixed Block copolymer Branched 
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[Kik02] into their components. From a technological point of view, polymer brushes find 
application for the electro-steric stabilization of colloidal and core-shell particles against 
agglomeration [Fri02, Lik00, Bal03]. 
Synthesis methods: 
Polymer brushes are typically synthesised by two different methods, physisorption and 
chemisorption (covalent attachment), as shown in Scheme 4.2. Polymer physisorption 
normally involves adsorption of block copolymers onto a substrate, where one block interacts 
strongly with the surface and the other block forms the brush layer (Scheme 4.2a) [Bel97]. 
The disadvantages of physisorption include thermal and solvolytic instabilities due to the 
non-covalent nature of the grafting, poor control over polymer chain density and 
complications in synthesis of suitable block copolymers.  
 
 
Scheme 4.2 Preparation of polymer brushes by (a) physisorption, (b) ‘grafting to’ and  
(c) ‘grafting from’. 
 
On the other hand, chemisorption of polymer brushes can be achieved by either 
“grafting to” or “grafting from” techniques (Scheme 4.2 b and c). The “grafting from” 
technique involves the immobilization of initiators onto the substrate followed by in-situ 
surface initiated polymerization to generate the tethered polymer brushes [Zha00]. 
a b c 
POLYMER BRUSHES                                                                                                              37 
 
Polymerization methods that have been used to synthesize polymer brushes include cationic, 
anionic, TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl)-mediated radical, atom transfer 
radical polymerization (ATRP) and ring opening polymerization. “Grafting to” approach 
refers to preformed, end-functionalized polymer chains reacting with a suitable substrate 
surface under appropriate conditions to form a tethered polymer brush [Man97]. The covalent 
bond formed between surface and polymer chain makes the polymer brushes robust and 
resistant to common chemical environmental conditions. This method has often been used in 
the preparation of polymer brushes. End-functionalized polymers with a narrow molecular 
weight distribution can be synthesized by living anionic, cationic, radical, group transfer and 
ring opening metathesis polymerizations. The substrate surface also can be modified to 
introduce suitable functional groups by coupling agents or layers as SAMs and polymers. In 
this thesis, ‘grafting to’ technique has been used to prepare the polymer brushes due to 
following advantages (as compared to uncontrolled ‘grafting from’ techniques): 
1. Brushes are more homogenous in terms of height. 
2. This technique is easy, fast and less time consuming.  
3. Due to low grafting density, nanoparticles have freedom to penetrate inside the brush 
surface easily (as shown in Scheme 4.3) 
The grafting density of polymer brushes is an important attribute which affect their 
interaction with immobilized nanoparticles. At low grafting density, nanoparticles can mix 
with grafted polymer chains, penetrate the brush, and interact freely as shown in Scheme 
4.3a. In such case, van der Waals interactions may strongly dominate.  Size and interaction of 
the nanoparticles with the brush also affects the spatial organization of particles in the 
polymer brushes. Smaller particles that strongly interact with the polymer brush at 
low/moderate grafting density disperse freely within the polymer brush, while polymer 
‘‘insoluble’’ particles tend to aggregate in the brush. The big aggregates are expelled towards 
the brush-air interface (Scheme 4.3b) [Kim02]. On the contrary, at sufficiently high grafting 
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density, nanoparticles can not penetrate inside the brush and tend to remain at the surface of 
polymer brush as shown in Scheme 4.3c. This example introduces nicely the concept of an 
optimum grafting density and type of interaction for nanoparticle immobilization.  
Scheme 4.3 Interaction of nanoparticles with polymer brushes9 
 
Responsiveness of polymer brushes: 
Responsiveness of polymer brushes refers to changes of polymer molecule 
conformations in response to the external stimuli (such as temperature, solvent, pH, ionic 
concentration etc.). Constraints due to the end grafting of the polymer chains introduce this 
specific character of the response which is somewhat different from the response of isolated 
chains in solution or melt [Gen80]. In the crowded grafted layers (polymer brushes), the 
chains stretch out of the grafting surface until the excluded volume effect is compensated by 
elastic energy (stretching entropy) of polymer coils. Polymer brushes expand in favourable 
                                               
9 Figure adopted from Brittain, W.J.; Minko, S. Journal of Polymer Science: Part A: Polymer Chemistry, 2007,  
    45, 3505–3512. 
 
 
 
b 
c 
 a 
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conditions and collapse in unfavourable conditions (as illustrated in Scheme 4.4). The 
conformational changes in specially tailored polymer brush systems are used in materials and 
devices to approach demanded effects of switching material properties upon external signals. 
 
 
Scheme 4.4 Schematic representation of reversible swelling/deswelling of polymer brushes 
in response to triggers. 
There is a number of tiggers which can induce the change in polymer chains 
conformations including solvent, temperature [Kah04], pH [Hou03], ion concentration 
[Mei05] etc. For many applications, a steep and well noticeable change (switching) in the 
polymer chain conformation is required, which in turn can lead to the transitions from 
wetting to non wetting, from swollen to collapsed brush, from adhesive to non adhesive, from 
adsorbing to non-adsorbing, from attractive to repulsive nature, etc. The response of polymer 
brushes is a noticeable effect for the given application of the brush if this effect appears as a 
change of the brush properties introduced by a change of the brush environment. 
The grafting density is an important parameter which affects conformational 
responsiveness of polymer brushes. At small grafting densities (so called mushroom regime), 
the response of grafted chains is very similar to that of the bulk polymer solution [Gen80, 
Ale77]. At high grafting densities, the collapse is weak and the brush forms a homogeneous 
layer which is slightly thinner in a poor solvent than in a good solvent. On the basis of the 
nature of interaction with the grafted polymer chains, solvents can broadly be classified as 
poor and good solvents for a polymer brush. Polymer chains always remain in collapsed state 
Brushes in collapsed state                   Brushes in swollen state 
Temperature 
Solvent/pH 
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in a poor solvent due to the poor interaction between solvent and polymer segments. On the 
contrary, they have a stretched conformation with increased mobility of their free ends in 
good solvents on the account of good interaction between solvent and polymer segments. For 
example, toluene is a good solvent for poly(styrene) (PS) due to hydrophobic-hydrophobic 
interaction while ethanol is poor solvent due to lack of any kind of interaction with PS. In the 
grafting density regime which lies between very low and high surface coverage regimes, the 
brushes are unstable in poor solvents and form clusters on the surface to avoid unfavorable 
interactions with the poor solvents [Lai92, Wil93]. In a good solvent, the brush is swollen and 
hence forms a homogeneous layer of stretched tethered chains (Scheme 4.4). In this grafting 
density regime, which can also be termed as cross-over regime, the polymer brush 
demonstrates the most pronounced response to solvent quality. Thus, it can be concluded that 
polymer brushes show the largest conformational response in the very beginning of the brush 
regime when chains start to overlap. Switching a range of the thin polymer film properties 
relevant to density and thickness of the film can be easily approached with the brushes of 
moderate grafting densities.  
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4.2 General preparation method 
A variety of polymer brushes with different chemical compositions (as shown in 
Scheme 4.5) were prepared on an underlying substrate (silicon/glass/quartz) exploiting the 
well known “grafting to” approach [Iye03].  
 
Scheme 4.5 Chemical structure of prepared polymer brushes; PAA: Poly(acrylic acid), 
PNIPAAm: Poly (N-isopropyl acrylamide), P2VP: Poly(2-vinyl pyridine), PS: Poly(styrene), 
                                      PSSNa: Poly (styrene sulfonate sodium salt) 
 
Table 4.1 shows a detailed description of the parameters, used for preparations of a 
variety of polymer brushes. Briefly, substrates were cleaned with dichloromethane in an 
ultrasonic bath for 15 min (3 times), placed in 1:1 mixture of 29 % ammonium hydroxide and 
30 % hydrogen peroxide (Warning: This solution is extremely corrosive and should not be 
stored in tightly sealed containers due to evolution of gas) at 70 °C for 1.5 h, and finally 
rinsed several times with millipore water. A thin layer of PGMA (ca. 2 nm) was deposited by 
spin-coating from a 0.02% solution in chloroform and annealed at 110 °C for 10 min. On top, 
a thin film of carboxy terminated polymer chains of interest (2% solution in an organic 
solvent as shown in Table 4.1) was spin-coated and annealed for few hours at higher 
temperature. Subsequently, ungrafted polymer was removed using Soxhlet extraction in the 
same solvent for 4 h.  
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Table 4.1 Various polymer brush preparation parameters 
S. 
No. 
Polymer Molecular 
weight 
(g/mol) 
Solvent Temperature 
in vacuum 
oven (°C) 
Time in 
vacuum 
oven (h) 
1. Poly(t-butylacrylate) 42000 Methanol 150 3 
2. Poly(styrene) 
(Bifunctionalized) 
9500 Toluene 150 3 
3. Poly(2-vinylpyridine) 40600 Chloroform 150 3 
4. Poly 
(N-isopropyl 
acrylamide) 
47600 Chloroform 170 16 
5. Poly(styrene) 
(for PSSNa brushes) 
48000 Toluene 150 3 
 
4.3 Results and discussion 
Well defined and homogenously distributed polymer brushes were chemically grafted 
on the silicon/glass substrates exploiting a thin anchoring layer of PGMA. It has been 
investigated earlier that PGMA can serve as a universal anchor for different types of polymer 
brushes on wide range of substrates including silicon, glass, alumina, gold, and silver by 
virtue of the high reactivity of its epoxy groups towards hydroxyl groups of these surfaces 
[Luz03]. Chemical reaction between –COOH groups of end functionalized polymer chains 
and epoxy units located in the “loops” and “tails” sections of the attached PGMA 
macromolecules leads to the chemical attachment of polymer chains on Si wafer. Scheme 
4.6a and 4.6b shows schematic view of brush preparation method and chemical reactions 
involved in the process, respectively. 
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Scheme 4.6 (a) Schematic presentation and (b) chemical reactions involved in polymer 
brushes preparation. 
 
Thickness of washed and dried brushes was measured by ellipsometry. By using dry 
thickness of brushes, distance between grafting points (dg) was obtained by the following 
equation: 
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Where H is the ellipsometric thickness, ρ is the mass density (depends on type of polymer), 
NA is Avogadro’s number, and Mn is the molecular weight. Finally, grafting density of 
brushes (chains/nm2) was estimated by σ = 1/dg
2.  
4.3.1 Poly (acrylic acid) brushes 
Preparation: 
Poly(acrylic acid) (PAA) brushes were prepared by hydrolysis of Poly(t-butylacrylate) 
(PBA) brushes by treating it with p-toluenesulfonic acid in benzene at 55 °C for different 
time periods (1-2 h.). Finally samples were rinsed several times with ethanol and dried under 
argon. Reaction involves conversion of t-butyl ester groups present at PBA polymer chains 
into carboxylic groups via acid catalyzed hydrolysis (as shown in Scheme 4.7). The chemical 
reaction proceeds via SN1 mechanism in the presence of p-toluenesulfonic acid monohydrate 
in benzene. It is noteworthy that hydrolysis of tertiary ester groups involves breaking of the 
alkyl-oxygen bond in contrast to the 
alkoxy-carbon bond in primary and 
secondary esters, owing to the high 
stability of tertiary carbocation 
intermediate.  
Results and discussion: 
Obtained polymer brushes were characterized by ellipsometry, contact angle, AFM and 
XPS analysis. Ellipsometric thickness of the dried PAA brushes was found to be ~4.5 nm. It 
was observed that thickness and wetting behaviour was greatly affected by the hydrolysis 
time as described below in the section ‘effect of reaction time’. Atomic force microscopy 
images revealed a smooth interconnected network referring to the collapsed state of 
homopolymer brush morphology as shown in Figure 4.1. AFM height image was used to 
obtain root mean square roughness (rms) of the brushes which was found to be < 0.7 nm, 
indicating a very smooth and homogenous surface of PAA brushes. 
n
 CH2 CH
COOC(CH3)3
n
 CH2 CH
COOH
PBA brushes PAA brushes 
Hydrolysis 
Scheme 4.7 Hydrolysis of PBA brushes into PAA 
brushes. 
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Figure 4.1 AFM (2X2 µm) (a) height and (b) phase images of Poly(acrylic acid) brushes. 
 
Effect of reaction time:  
In order to see the effect of the reaction time, the hydrolysis reaction was carried out in 
three different reaction sets, varying time from 1-2 h. Ellipsometric data showed a continuous 
decrease in the thickness of polymer brushes from 8.6 nm (PBA) to the range of 7-4.5 nm 
depending on reaction time. This decrease in thickness can be attributed to the replacement of 
the bulky t- butyl groups with relatively smaller carboxylic groups. A reasonable decrease in 
advancing contact angle was also observed from 85° (for PBA brushes) to 70°, 60° and 47° 
for 1h, 1.5 h and 2 h hydrolysis time respectively. It indicates the conversion of hydrophobic 
t-butyl ester groups into hydrophilic 
carboxylic groups. The longer the reaction 
time, the larger is the number of 
carboxylic groups generated on the 
polymer brushes and hence the larger the 
difference in thickness and contact angle 
before and after the hydrolysis. The 
presence of PAA brushes on Si wafers 
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Scheme 4.8 Labelling of carbon moieties in  
PBA and PAA brushes. 
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was confirmed with X-ray photoelectron spectroscopy (XPS). These measurements were 
carried out after vigorous washing and extraction of the samples. Scheme 4.8 shows the 
labelling of carbon moieties in the chemical structures of PBA and PAA brushes to explain 
XPS results. Figures 4.2a and 4.2b show XPS wide scan and C1s core level spectra 
respectively, of the PAA brushes obtained after the hydrolysis of PBA brushes for 1.5 h. The 
C1s core level spectra of these samples can be deconvoluted into five component peaks 
named as A, B, C, D and E (as shown in Figure 4.2b) with binding energies at about 285.00, 
285.53, 286.84, 289.0 and 289.3 eV, attributable to the CxHy (saturated hydrocarbons), C-
C=O, C-O-C=O, C-O-C=O and H-O-C=O species respectively [Bea92]. 
 
 
Figure 4.2 (a) XPS wide scan spectrum and (b) C1s core level spectrum of PAA brushes 
obtained after the hydrolysis of PBA brushes for 1.5 h. 
These peak components (except C-O-C=O) are associated predominantly with the PAA 
molecule and hence prove the presence of PAA brushes on the silicon substrate. Appearance 
of a C-O-C=O peak in the XPS spectra of these samples indicates that all the t-butyl groups 
of the PBA chains have not been hydrolysed in to carboxylic ones. The XPS spectra of the 
PAA brushes obtained after 1 h hydrolysis of PBA ones are shown in Figure 4.3. A 
comparison of XPS results of the PAA brushes, obtained from different hydrolysis durations, 
reveals that the intensity ratio of the H-O-C=O component peak to that of C-O-C=O 
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significantly increased by increasing the hydrolysis time from 1h to 2h. Degree of hydrolysis, 
calculated by dividing the H-O-C=O peak area to the total areas of H-O-C=O and C-O-C=O 
peaks was found in the range of 25-90% with increasing the reaction time from 1-2 h. These 
results are in good agreement with those obtained from the ellipsometry and contact angle 
measurements. 
 
 
Figure 4.3 (a) XPS wide scan spectrum and (b) C1s core level spectrum of PAA brushes 
obtained after the hydrolysis of PBA brushes for 1 h. 
 
4.3.2 Poly (styrene sulfonate) brushes 
Preparation: 
Poly (styrene sulfonate) brushes were prepared on silicon wafers using a two step 
procedure. Firstly, Polystyrene brushes were prepared on substrates by “grafting to” 
mechanism as described elsewhere [Iye03]. Subsequently, obtained PS brushes were 
converted into Poly (styrene sulfonate) brush by a soft sulfonation reaction following the 
literature [Tra01]. Briefly, sulfonation reagent was prepared freshly by mixing 74.7 ml 
dichloroethane and 15.3 ml acetic anhydride and cooled in an ice bath. Then 5.4 ml sulfuric 
acid (95%) was added dropwise into the sulfonation reagent. Resulted clear solution of acetyl 
sulfate was poured onto the PS brushes in a sealed reactor which was heated at 60 °C for 5 h. 
The reaction was stopped by rinsing the surface with methanol and then brushes were 
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immersed into 0.5 M NaHCO3 solution. After rinsing with millipore water, poly (styrene 
sulfonate sodium salt) brushes were obtained. Conversion of PS chains into PSSNa brushes 
takes place as shown in Scheme 4.9.  
 
 
Scheme 4.9 Chemical conversion of PS brushes into PSSNa brushes through sulfonation 
reaction. 
Results and discussion: 
Polystyrene brushes have been converted into PSSNa brushes as shown in Scheme 4.9. 
For this purpose, PS brushes have been sulfonated at p-position by mild sulfonation and then 
rapidly neutralized to prevent the formation of sulfone cross-links by immersing the grafted 
surface in NaHCO3 solution. After the sulfonation, thickness of polymer brushes has been 
reported to increase from 15 nm to 22 nm, which can be attributed to the introduction of 
bulky sulfonic acid groups on polymer chains after the sulfonation process. Moreover, the 
advancing contact angle has been found to reduce significantly from 86 ± 1.4° (for PS 
brushes) to 20 ± 1.7°, suggesting an increase in hydrophilicity of the surfaces. It can be 
associated with the presence of highly polar group i.e. sulfonic acid (or sulfonate) on polymer 
chains. AFM results (shown in Figure 4.4) reveal change in the morphology of PS brushes 
after the sulfonation process, because of the change in chemical structure of the polymer 
chains. The root mean square (rms) roughness has been observed to change from 0.37 to 0.43 
revealing a slight increase in roughness due to presence of bulky sulfonate groups. 
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Figure 4.4 AFM (5X5µ, phase images) of the polystyrene brushes, (a) before and (b) after 
sulfonation. 
 
Conversion of PS brushes into the PSSNa brushes has been further confirmed by XPS 
analysis. All spectra were formally charge-compensated using the C1s peak of the 
unsaturated hydrocarbons in the phenyl ring as reference (Binding energy = 284.68 eV) 
[Bea92]. Figure 4.5a illustrates XPS wide scan survey spectrum of PSSNa brushes indicating 
characteristic peaks for sulfur and sodium at respective binding energies (S 2p = 168.48 eV 
and Na 1s = 1070.88 eV). Moreover, the atomic concentrations of sulphur and carbon have 
been estimated as 5.59 % and 59.56 % respectively, which were used to determine degree of 
sulfonation as follows; 
094.0
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Where [S] and [C] are atomic concentrations (experimentally determined by XPS) of sulfur 
and carbon atoms respectively. It is worth mentioning, this value is higher than that reported 
in previous studies [Tra99, Tra01] for PSSNa brushes, suggesting that employed approach 
allows relatively high degree of sulfonation. The C1s core level spectra of these brushes can 
be deconvoluted into three component peaks named as A, B, C (as shown in Figure 4.5b) 
with binding energies at about 284.68, 285.00 and 285.19 eV. These peaks can be associated 
with the carbon atoms from non-sulfonated phenyl ring, CxHy (saturated hydrocarbons) and 
b 39.366° a 14.000° 
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sulfonated phenyl ring species respectively [Bea92]. The relative intensity of component peak 
c, which is [c]: ([a] + [b] + [c]) = 0.094 equal to the experimental ration [S]:[C], which was 
determined from the wide-scan spectrum as shown in Figure 4.5a. The result confirms the 
stoichiometry of the PSSNa molecule. The ratio of the component peaks [a]:[b] = 5:2 also 
equals the stoichiometry ratio. The binding energies of the component peaks a and b agree 
with reference data in literature [Bea92].  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5 X-ray photoelectron spectroscopy images, (a) wide scan spectrum of PSSNa 
brushes and (b) C1s core level spectrum with labelling of carbon moieties. 
 
Swelling behaviour of PSSNa brushes in the presence of external salts: 
PSSNa brushes, being a strong polyelectrolyte, show a change in thickness in response 
to ionic concentration in surrounding media. One of the first experimental studies of the 
swelling properties of polyelectrolyte brushes were reported by Tran and Auroy [Tra99, 
Tra99a]. In this case, the height and segment density of the polyelectrolyte brushes were 
investigated with neutron reflectometry. In another example, the swelling behavior of both 
surface-attached neutral poly(4-vinylpyridine) (PVP) and positively charged poly(N-methyl-
4-vinylpyridinium iodide) (MePVP) brushes prepared by the “grafting from” method were 
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studied under “good solvent” conditions by means of multiple angle null-ellipsometry 
[Hab99, Bie00]. Gelbert et al. [Gel00] investigated the influence of added electrolytes on the 
internal structure of a poly(styrene sulfonate) brush prepared by the “grafting from” method 
by means of noise analysis of a scanning force microscope (SFM) cantilever. The swelling 
behavior of a spherical brushes consisting of a solid polystyrene core and a polystyrene 
sulfonate shell was investigated by Balauff and coworkers [Guo01].  
In the present thesis, swelling behaviour of PSSNa brushes on the planar substrates was 
investigated in the presence of a variety of inorganic salts at variable concentrations namely 
0.0001M, 0.001M, 0.01M, 0.05M, 0.1M and 1M, using null ellipsometry. Moreover, in order 
to study the effect of monovalent counter ions on swelling properties, the counter ion of 
added salts has been varied from Li+, K+, Cs+ to NH4
+. In addition, same studies were carried 
out in the presence of Ag+ (using AgNO3 salt), in order to see the effect of the transition 
metal ion as a counter ion on swelling properties of PSSNa brushes. A 3.5 folds swelling 
(from 22 to 76 nm) has been observed after immersing the PSSNa brushes into the pure 
water. This can be attributed to the dissociation of the ionizable groups i.e. SO3
-Na+ (present 
on polymeric chains), which leads to a repulsive interaction between individual segments. As 
shown in Figure 4.6, addition of inorganic salt to the surrounding media, leads to an apparent 
decrease in brush thickness in all cases, which can be described in terms of (1) transition 
from osmotic to salted regime, (2) concentration and (3) nature of added salts. Rühe et al 
[Bie02] described the swelling behaviour of poly(methacrylic acid) brushes as a function of 
external salt concentration which shows a maximum at intermediate salt concentration (cs = 
0.002 M) due to transition from osmotic to salted regime transitions. This result contrasts to 
the behavior of strong polyelectrolyte brushes, where the height of the brush at low ionic 
strength is independent of the external salt concentration. Same behaviour was found in case 
of present system; PSSNa brushes being strong polyelectrolyte show a very less change in 
thickness in osmotic regime i.e. at lower salt concentrations (< 0.001M). This is in good 
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agreement with theoretical approach described by Pincus for the swelling behavior of strong 
polyelectrolyte brushes in solutions of varying ionic strength [Pin91, Bor91]. At low external 
salt concentrations cS, screening of charges takes place only at the outer edge of the brush 
leaving the overall brush height unaffected. Once the concentration of added ions in solution 
reaches the concentration of the free counter ions inside the brush, the screening associated 
with the added salt reduces the osmotic pressure of the mobile ions inside the brush. As a 
consequence, the height ‘H’ of the polyelectrolyte brush decrease with the added salt 
concentration as theoretically described by Pincus et al for polyelectrolyte brushes [Pin91]. 
One can notice that an increase in added salt concentration (after >0.001M salt concentration) 
causes a sharp decrease in brush thickness until it reaches to a plateau. Appearance of the 
plateau in these swelling curves at high concentrations of added salts can be attributed to the 
saturation or attainment of equilibrium.  
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Figure 4.6 Swollen thickness of PSSNa brushes in solution of different inorganic salts of 
variable concentrations. 
 
However, change in the thickness has been greatly influenced by the nature of counter 
ions. Figure 4.7 reveals that addition of a variety of inorganic salts (0.01 M) leads to the 
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reduction in PSSNa brush thickness in the order of KCl > AgNO3 > LiCl ≈ CsCl ≈ NH4Cl. 
This can be attributed to the nature of the bond between anions and cations of these added 
salts. The size of the counter ions of the used salts is in following order: Li+ (0.06 nm) < Ag+ 
(0.126 nm) < K+ (0.133 nm) < NH4
+ (0.148 nm) < Cs+ (0.167 nm) [Hol78]. A small cation 
possesses high charge density and hence efficiently attracts the outer shell electrons of a large 
anion, introducing a covalent nature in the bond. On the contrary, the salts composed of large 
cations and small anions are more ionic in nature. The higher the ionic nature in the bonds, 
the higher the dissociation of the salt and hence the greater the screening of the charges on 
polymer chains. Additionally, size of the counter ion also affects the swelling behaviour of 
polyelectrolyte brushes. A smaller counter ion would easily get inside the brush layer 
facilitating the screening of the charges along the polymer chains. This effect should be time 
dependent because it is diffusion controlled so in all the salt systems studied, measurements 
were taken after 1 h swelling in order to ensure the equilibrium state.   
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Figure 4.7 Swollen thickness of PSSNa brush in the solutions of different inorganic salts of  
0.01 M concentration. 
 
As illustrated by Figure 4.7, highest reduction in thickness has been observed in case of 
KCl, because it possesses maximum ionic nature except CsCl among all the used salts but at 
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the same time, lower counter ion size than that of CsCl. The bulky size of counter ions in the 
case of CsCl and NH4Cl, does not allow them to get deeper in brush layer and hence they are 
likely to screen the charges only on the outer side of brush. On the contrary, lower size of 
Ag+ ions allows it to screen the comparatively large number of charges, leading to the 
significant change in brush thickness. It can be observed that addition of LiCl also could not 
result into much reduction in thickness as that of KCl. This can be attributed to high binding 
constants between Li+ and SO3
- which leads to strong association between these two ions. 
Moreover, it is well known that chemical bonds in lithium salts are much less ionic in nature 
compared to their homologues [Wie05]. Thus the degree of dissociation and hence screening 
of the charges along the polyelectrolyte chains is not so significant.  
 
4.3.3 Poly (N-isopropyl acrylamide) brushes 
Preparation: 
PNIPAAm brushes were grown on the silicon substrates by “grafting to” method 
[Ion06a]. Silicon wafers were cleaned and a very thin layer of PGMA (~2 nm) was deposited 
as anchoring layer. Subsequently, a thin film of carboxy functionalised PNIPAAm (1.6 w/w 
% solution in chloroform) was spin-coated and samples were annealed at 170 °C for 16 h. 
Ungrafted polymer was removed using Soxhlet extraction in chloroform for 4 h. Dry 
thickness and contact angle of polymer brushes were measured as 18 nm and 70 ± 2.5° 
respectively. Figure 4.8a and 4.8b show AFM phase and height image of PNIPAAm brushes 
revealing the morphology of brush surface. AFM height image was used to obtain root mean 
square roughness (rms) of the brushes which was found to be < 0.28 nm, indicating a smooth 
and homogenous layer of PNIPAAm brushes. 
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Figure 4.8 AFM (2X2 µm) (a) phase and (b) height images of PNIPAAm brushes. 
 
 
Figure 4.9 (a) Wide scan spectrum of PNIPAAm brushes and (b) labelling of carbon 
moieties in PNIPAAm and C1s core level spectrum of PNIPAAm brushes. 
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Figure 4.9a shows a XPS wide scan spectrum of the PNIPAAm brushes. The C 1s 
spectra were deconvoluted into four component peaks (as shown in Figure 4.9b) showing the 
different binding states of the carbon in the PNIPAAm polymer. Component peak A appears 
from saturated hydrocarbons (CxHy). Component peak C shows the C–N bonds and 
component peak D the carbon atoms of the amide group (O=C–NH). Carbon atoms in the 
immediate neighbourhood of the amide group (α-position) contribute to component peak B. It 
can be observed that area of peak B is equal to that of peak D, which corresponds to the 
stoichiometry of the PNIPAAm polymer. The structure of PNIPAAm was verified with XPS 
so that it can be compared with the XPS spectrum of brushes after immobilization of 
nanoparticles. 
Swelling behaviour of PNIPAAm brushes: 
PNIPAAm is well known temperature responsive polymer which shows variation in 
thickness and wetting behavior as a function of temperature. Temperature sensitive solubility 
usually originates from the existence of a lower critical solution temperature (LCST) beyond 
which the polymer becomes insoluble in water. Such behavior is typical for the polymers that 
form hydrogen bonds with water [Cat02, Tay75]. PNIPAAm is probably the most widely 
studied thermo-responsive polymer, which undergoes a reversible, inverse phase transition at 
a lower critical solution temperature (LCST) of about 32 °C in pure water [Sch92]. The 
swelling behavior of PNIPAAm brushes on surfaces can be explained on the basis of 
triggered changes in polymer conformation. Below the LCST, PNIPAAm is hydrated and the 
chains are in an extended conformational state. Above the LCST, PNIPAAm is in a 
hydrophobically collapsed conformational state. Such polymer brushes with triggerable phase 
transition behavior can be exploited in devices on the nano-and microscales, with potential 
applications for fabrication of nanosensors, protein affinity separations [Nat02] and in micro- 
and nanofluidics [Bee00a]. 
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The kinetics of swelling and drying of the PNIPAAm brushes above and below the 
LCST has been measured by Zhou et al using interferometry [Zho96]. An increase in 
temperature from 25 °C to T > LCST, the drying occurred in a three-stage process: a fast 
initial gel shrinking followed by a plateau and finally by another drying process [Zho96]. 
Surface plasmon resonance measurements by Lopez et al [Lop03] and neutron reflectivity 
studies by Kent and coworkers [Yim03, Yim04, Yim05], revealed that phase transition of 
PNIPAAm brushes take place over a broad temperature range around 32 °C. By using quartz 
crystal microbalance (QCM), Zhang et al. [Zha04] showed the pancake-to-brush transition of 
thiol-terminated PNIPAAm chains on gold surface. Most investigations of transitions for 
surface-grafted PNIPAAm on planar surface have employed contact angle measurements, 
which typically show a sharp transition for surface grafted PNIPAAm chains at about 32°C 
[Tak94, Zha95]. Force versus distance curves measured by atomic force microscopy (AFM) 
have shown reduced steric repulsion on increasing temperature from below the LCST to 
above the LCST [Jon02, Kid01]. These results suggest that the outer layer of grafted 
PNIPAAm chains rapidly respond to temperature change.  
To describe the phase behavior of end-grafted polymers exhibiting an LCST, Halperin 
developed a scaling model based on the de Gennes n-cluster model [Hal98]. Halperin 
predicted that the phase behavior of these brushes would depend on the molecular weight and 
grafting density of the chains [Bau03]. The model also predicts a discontinuous segment 
density profile normal to the surface due to the coexistence of a dense inner phase and a 
dilute outer phase. A more recent study used self-consistent field theory to describe the first-
order transition of PNIPAAm brushes at the LCST [Men05]. 
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Figure 4.10 Swelling behavior of PNIPAAm brushes as measured by null ellipsometry. 
In the present thesis, thickness variation of these brushes with temperature was measured 
in-situ, using null ellipsometry and the results are shown in Figure 4.10. PNIPAAm brush 
swells upto seven times (swollen thickness ~ 134 nm) in water at room temperature and 
collapse to almost two times (~35 nm) at 40°C as compared to dry thickness (~ 18 nm). 
Contact angle measurements also supported the switching of brushes with temperature. At 
room temperature, dry brushes show 70 ± 2.5° angle corresponding to amide moieties 
(containing humidity) and at 40°C they become hydrophobic due to collapse of brushes and 
hence reveal 105 ± 4.2° contact angle.  
 
 
 
 
 
 
 
 
 
 
 
  Scheme 4.10 Temperature responsiveness of PNIPAAm brushes due to change in hydrogen 
bonding. 
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The interesting phase behavior of PNIPAAm in solution can be attributed to the balance 
of like and unlike interactions among its own segments and the surrounding solvent molecules. 
The insolubility of PNIPAAm in solution upon heating likely arises from the changes in the 
nature of hydrogen bonding from inter to intramolecular as shown in Scheme 4.10.  
 
4.3.4 Polystyrene brushes 
 
Polystyrene brushes were prepared using ‘grafting to’ technique. α-hydroxy, ω-carboxy 
terminated polystyrene chains were spin coated on PGMA layer and samples were annealed at 
150 °C for 3 h. It leads to the grafting of PS chains on silicon substrate through the –COOH 
terminated ends and offers –OH terminated ends free. Chemical reaction between –COOH 
groups of PS chains and epoxy units located in the “loops” and “tails” sections of the attached 
PGMA macromolecules leads to the chemical attachment of PS chains on Si wafer. Ungrafted 
polymer was removed by Soxhlet extraction in toluene for 4 hrs and thickness of washed and 
dried PS brushes was measured as 6.0 nm by ellipsometry. Advancing contact angle of 
obtained PS brushes was found around 83 ± 1.5° owing to the hydrophobic nature of polymer 
chains. Distance between the grafting points was estimated as 2.58 nm (calculated using eq. 
4.1), which yielded the grafting density of obtained PS brushes as 0.15 nm-2.  
 
 
 
 
 
 
 
 
Figure 4.11 AFM (2X2 µm) (a) phase and (b) height images of poly(styrene) brushes. 
 
a b 
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Surface morphology of the as prepared brushes was studied by atomic force microscopy, 
Figure 4.11a and 4.11b show phase and height images of polystyrene brushes, respectively. 
These results reveal rms roughness as <0.32 nm, indicating a very smooth surface.  
 
 
Figure 4.12 (a) XPS wide scan spectrum of polystyrene brushes (taken at 75° take-off angle) 
and (b) C 1s core level spectrum of carbon.  
Presence of free hydroxyl groups on the polymer brush chain ends were confirmed by 
XPS. As shown in Figure 4.12a, wide scan spectrum of PS brushes (taken at take-off angle 
75°) shows peaks for carbon and oxygen atoms. Carbon 1s peak can further be deconvoluted 
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into three peaks depending on the type of carbon atom (as shown in Figure 4.12b). Peak 
positioned at 286.5 eV is characteristic of the carbon atom bonded with hydroxyl group, 
which is present at the free end of brushes. Simulations studies on polymer brushes have also 
revealed that chain ends are enriched in the top brush layer depending on chain stretching and 
grafting density [Klo04].  
4.3.5 Poly(2-vinyl pyridine) brushes 
 
Poly(2-vinyl pyridine) (P2VP) brushes were prepared on suitable substrates via grafting 
of carboxy terminated P2VP chains. Chemical reaction between –COOH groups of end 
functionalized P2VP chains and epoxy units located in the “loops” and “tails” sections of the 
underlying PGMA layer leads to the chemical attachment of P2VP chains on Si wafer. 
Thickness of washed and dried P2VP brushes was measured as 8.2 ± 0.5 nm by ellipsometry. 
It corresponds to a grafting density of about 0.14 chains nm–2. Since the dg has been estimated 
as 2.63 nm (calculated using eq. 4.1) which is smaller than the radius of gyration of the P2VP 
polymer coils (Rg ~5 nm), therefore polymer layer can be considered as polymer brushes 
[Ion06]. Advancing water contact angle of P2VP brushes was measured as 58 ± 1.1°.  
 
 
 
 
 
 
 
 
 
Figure 4.13 AFM (2X2 µm) (a) phase and (b) height images of Poly(2-vinyl pyridine) 
brushes. 
a b 
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Atomic force microscopy images (shown in Figure 4.13) reveal the morphology of dried 
brushes in collapsed state. The root mean square (rms) roughness of the bare polymer brushes 
has been measured as ≤ 0.7 nm. 
As P2VP brushes are weak polyelectrolytes brushes, they display a change in thickness 
in response to the pH of surrounding media [Bie99, Bie02, Bie04a]. At pH 2 the pyridyl 
groups, present along the polymer chains are highly protonated and hence render positive 
charges to the macromolecular chains. Because of the repulsion between the charged polymer 
segments, a four times swelling (~ 32.8 nm), as compared to the dry thickness has been 
observed by ellipsometry. In contrast, when pH of surrounding media was switched to pH 6, 
P2VP brushes were found to deswell to the dry thickness, because of the deprotonation of the 
polymer segments. It should be noted that this change in thickness of P2VP layer has been 
found to be reversible in nature.  
4.4 Conclusions 
In brief, a variety of polymer brushes has been synthesized by exploiting “grafting to” 
approach and characterized with several analytical tools. Ellipsometry and contact angle 
measurements were carried out to study thickness and wetting behaviour of polymer brush 
layers. AFM analysis was employed to investigate the surface morphology and roughness of 
grafted polymer brushes. XPS analysis was used to confirm the chemical structure of grafted 
polymer chains. Table 4.2, shows a brief summary of the main results for as synthesized 
polymer brushes, which have been used for the immobilization of a number of nanoparticles as 
described in Chapter 6. 
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Table 4.2 Summary of characterization results for various polymer brushes. 
S. No. Polymer Dry thickness 
(nm) 
Grafting density 
(Chains/nm2) 
Advancing 
contact angle (°) 
1. Poly(t-butylacrylate) 8.6 ± 0.5 0.142 86 ± 1.0 
Poly(acrylic acid) 5 ± 0.4 - 47 ± 1.2 
2. Poly(styrene) 
(Bifunctionalized) 
6 ± 0.3 0.15 83 ± 1.5 
3. Poly(2-vinylpyridine) 8.2 ± 0.5  0.14 58 ± 1.1 
4. Poly(NIPAAm) 18 ± 1.0 0.243 70 ± 2.5 
5. 
 
Poly(styrene) for PSSNa 
brushes 
15 ± 1.0 - 86 ± 1.4 
PSSNa brushes 22 ± 1.2 - 20 ± 1.7 
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Chapter 5. Inorganic nanoparticles 
 
5.1 Introduction 
 
5.1.1 Semiconductor nanoparticles: 
Semiconductor is a class of materials that shows an increase in conductivity as the 
temperature is increased. These materials are characterized by two primary bands of energies, 
a valence band and a conduction band. These bands are separated by an energy range, which 
is known as the band gap. The energetic width of this band gap dictates many of the optical 
and electrical properties of the semiconductor as it attributes to the amount of energy, which 
is absorbed in order to promote the electron from the valence band to the conduction band 
and emitted when the electron relaxes directly from the conduction band back to the valence 
band. When sufficient energy has been supplied to a semiconducting material, the electrons 
which have been promoted to the conduction band may subsequently be made to move under 
the influence of an electric field. 
 
 
Figure 5.1 Electronic energy levels depending on the number of bound atoms. 
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Figure 5.2 Size dependent optical 
properties of semiconductor NPs 
[Wik16]. 
Increasing size of NPs 
Nanoscale materials frequently show a behaviour which is intermediate between that of 
a macroscopic solid and that of an atomic or molecular system. As shown in Figure 5.1, 
binding of more and more atoms together leads to the merging of the discrete energy levels of 
the atomic orbitals into energy bands (here shown for a semiconducting material) [Ali97]. 
Therefore semiconducting nanocrystals (or QDs) can be regarded as a bridge between small 
molecules and bulk materials. By judiciously choosing the size of the semiconductor 
nanoparticles (NPs) one can alter the energy width of the band gap (as the size of the solid 
becomes smaller, the band gap becomes larger). This gives chemists and materials scientists 
the unique opportunity to tune the physical and 
chemical properties of a semiconductor simply by 
controlling the particle size. As shown in Figure 5.2, 
the optical properties of the NPs can be modulated by 
tuning the particle size. Semiconductor nanoparticles 
are expected to have potential applications in many 
fields such as nonlinear optics, luminescence, 
electronics, catalysis, solar energy conversion, and 
optoelectronics.  
Mostly, semiconductor nanoparticles are prepared either via thiol stabilization or 
trioctylphosphine (TOP) /trioctylphosphine oxide (TOPO) synthesis. In general, for the first 
method, a suitable metal salt is dissolved in water in presence of a stabilizing thiol and 
subsequent heating of the reaction mixture initiate particle growth. The size of the evolving 
nanoparticle depends mainly on the concentration ratios of the chemicals involved and on the 
duration of the heat treatment. TOP/TOPO preparative route is based on the pyrolysis of 
organometallic reagents by injection into hot coordinating solvents (like TOP and TOPO). 
This provides temporally discrete nucleation and permits the controlled growth of 
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nanoparticles. Subsequent size-selective precipitation isolates samples with very narrow size 
distributions [Sch03]. 
5.1.2 Metal nanoparticles: 
 
When a metal having bulk properties, is reduced in size down to nanometers, the 
density of states in the valence and conduction bands decreases and the electronic properties 
change dramatically i.e., conductivity, collective magnetism and optical plasmon resonance 
etc. The quasi-continuous density of states is replaced by quantized levels with a size 
dependent spacing. In this situation, the material does not exhibit bulk metallic behavior, 
since most of the electrons are tightly bound or localized. In other words, a small number of 
delocalized electrons are left to move as metallic electrons over a volume of entire 
nanoparticle. Thus, the resulting physical properties are neither those of bulk metal nor those 
of molecular compounds, but they strongly depend on the particle size, interparticle distance, 
nature of the protecting organic shell, and shape of the nanoparticles [Bru02]. Metal 
nanoparticles also show an optical absorption spectra with an absorption peak that look 
similar to the absorption peak of semiconductor nanoparticles. However, this absorption does 
not derive from transitions between quantized energy states. Instead in metal particles, 
collective modes of the motion of electron cloud can be excited. They are referred to as 
surface plasmons [Hod00, Mul96] and the peak in the absorption spectrum dictates the 
resonance frequency for the generation of surface plasmons. A small particle (nanometer 
size) has a well defined surface plasmon mode positioned in the visible range of wavelengths 
with a width that varies approximately inversely with particle size and an intensity that is 
proportional to the metal concentration [Hal86].  
  The synthetic methods for noble metal nanoparticles include chemical/radiolytic 
/photochemical reduction of transition metal salts and complexes. In aqueous systems, the 
reducing agent must be added or generated in situ, but in non-aqueous systems, the solvent 
and the reducing agent can be one and the same. Metallic nanoparticles are at the center of 
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modern nanotechnology as they may exhibit optical or catalytic properties that differ 
significantly from the bulk properties of the respective metal [Hen89, Ali96, Osi96, Bur05, 
Wat06, Neg03, Tsu04, Tsu05]. Additionally, nanoparticles’ properties can be tuned by 
varying their sizes [Val98, Rao02, Li02] and environments [Li01]. Because of these unique 
characteristics, metal nanoparticles are being intensively studied for applications in catalysis 
[Li02, Niu01], optoelectronics [Par04], preservatives [Lee04] and biosensing [Ye03] 
applications.  
5.1.3 Magnetic nanoparticles:  
Magnetic nanoparticles represent a class of nanoparticles which can be manipulated 
under the influence of a magnetic field. Such particles commonly consist of magnetic 
elements such as iron, nickel and cobalt and their chemical compounds. These particles have 
been the focus of much research recently because they possess attractive properties which 
could see potential use in catalysis [Lu04, Lu04a], biomedicine [Gup05], magnetic resonance 
imaging [Mor06], data storage [Hye03] and environmental remediation [Ell01]. Magnetic 
nanoparticles can be synthesized via co-precipitation, thermal decomposition or 
microemulsion methods. Co-precipitation is a facile and convenient way to synthesize iron 
oxides (either Fe3O4 or γ-Fe2O3) from aqueous Fe
2+/Fe3+ salt solutions by the addition of a 
base under inert atmosphere at room temperature or at elevated temperature. The size, shape, 
and composition of the magnetic nanoparticles very much depends on the type of salts used 
(e.g. chlorides, sulfates, nitrates), the Fe2+/Fe3+ ratio, the reaction temperature, the pH value 
and ionic strength of the media [Lu07]. Monodisperse magnetic nanocrystals with smaller 
size can essentially be synthesized through the thermal decomposition of organometallic 
compounds in high-boiling organic solvents containing stabilizing surfactants [Lu07].  
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Basic definitions: 
A magnetic material consists of a large number of atoms with magnetic moments. The 
magnetization M (Am-1) is defined as the magnetic moment per unit volume. Depending upon 
this magnetization behaviour, magnetic materials show different kinds of magnetism. 
(a) Diamagnetism. This is the most common magnetic behavior. The diamagnetic 
magnetization is proportional and opposing to the applied magnetic field. All materials 
present a diamagnetic response, although it may be shadowed by stronger magnetic 
behaviors. 
(b) Paramagnetism. Paramagnetic substances possess unpaired electrons which are randomly 
oriented on different atoms. Each atom, ion, or molecule of a paramagnetic substance can be 
considered as a small magnet with its own, inherent magnetic moment. When a magnetic 
field is applied to them they become magnetized (usually much more weakly than 
ferromagnetic substances). The magnetization depends linearly on the applied field and it 
disappears when the field is removed. Paramagnetic substances are attracted towards a 
magnetic field. 
(c) Ferromagnetism. Ferro- and ferrimagnetic substances are strongly attracted by a magnetic 
field. They contain unpaired electrons whose moments are, as a result of interactions between 
neighbouring spins, partially aligned even in the absence of a magnetic field. 
(d) Antiferromagnetism. In an antiferromagnetic substance, the electron spins are of equal 
magnetic moment and are aligned in an antiparallel manner. Such substances have zero net 
magnetic moment. 
(e) Superparamagnetism. In 1949, Néel [Nee49] pointed out that if a single domain particle 
was small enough, thermal fluctuations could cause its direction of magnetization to undergo 
a sort of Brownian rotation, consequently coercivity (described later) approaches zero for 
very small particles because thermal fluctuations prevent the existence of a stable 
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magnetization. This state is called superparamagnetic because the particle behaves similarly 
to paramagnetic spin but with a much higher moment. 
Hysteresis loop: 
Figure 5.3 schematically illustrates a typical hysteresis loop with commonly measured 
magnetic parameters. The application of a sufficiently large magnetic field causes the spins 
within a material to align along the field direction. The maximum value of the magnetization 
achieved in this state is called the saturation magnetization, ‘Ms’. As the magnitude of the 
magnetic field decreases, spins cease to be aligned with the field, and the total magnetization 
decreases. In ferromagnets, a residual magnetic moment remains at zero field. The value of 
the magnetization at zero field is called the remanent magnetization, ‘Mr’. The ratio of the 
remanant magnetization to the saturation magnetization, Mr/Ms, is called the remanence ratio 
and varies from 0 to 1. The coercive field/coercivity is the magnitude of the field that must be 
applied in the opposite direction to bring the magnetization of the sample back to zero. 
 
 
 
 
 
 
  
 
 
 
Figure 5.3 Important parameters obtained from a magnetic hysteresis loop. 
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5.2 Preparation and characterization of nanoparticles 
5.2.1 Cadmium Telluride (CdTe) nanoparticles 
The thiol-capped Cadmium Telluride (CdTe) nanocrystals have been prepared in the 
group of Prof. A. Eychmüller, Technical University, Dresden. Briefly, the synthesis was 
carried out in aqueous media, as reported elsewhere [Gap02]. Firstly, Cd(ClO4)2.6H2O was 
dissolved in water and the thiol stabilizer i.e. cysteamine was added into the reaction media 
under continuous stirring. The pH of the solution was maintained at ca. 6. Then the reaction 
mixture was transferred into a three-necked round bottom flask and de-aerated by bubbling 
nitrogen. Thereafter, H2Te gas (generated by the reaction of Al2Te3 lumps with a H2SO4 
solution under N2 atmosphere) was passed through the reaction mixture while stirring, 
together with a slow nitrogen flow (as shown in Figure 5.4a). CdTe precursors were formed 
at this stage (stage a), accompanied by a change in solution colour to dark-red. The 
precursors were converted to CdTe NPs by refluxing the reaction mixture at 100 °C under 
open-air conditions with a condenser attached in stage b (as shown in Figure 5.4b). The size 
of the CdTe NPs was controlled by the duration of reflux and was estimated from their 
absorption spectra as ca. 3.2 nm [Rog96].  
 
 
Figure 5.4 Schematic presentation of synthesis of CdTe nanoparticles (Stage a and b) 
[Gap02] 
a b 
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Figure 5.5a illustrates TEM micrograph of obtained CdTe nanoparticles revealing 
formation of sufficiently monodisperse and well separated nanoparticles, with a mean size of 
~3.0 nm, which is in good agreement as calculated from their absorption spectra. Figure 5.5b 
shows typical absorption and photoluminescence (PL) spectra of CdTe nanoparticles. 
Nanoparticles show a well-resolved absorption maximum at 580 nm, which can be attributed 
to the first electronic transition indicating a sufficiently narrow size distribution of the CdTe 
QDs. The PL band is also sufficiently narrow and present at around 610 nm. The position of 
the absorption and luminescence maxima relate well to the sizes of the NPs, in accordance 
with the size-quantization effect being operative in semiconductor nanoparticles of such sizes 
[Gap02]. 
                                                                                 
 
Figure 5.5 (a) TEM image and (b) optical properties of CdTe nanoparticles. 
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5.2.2 Gold (Au) nanoparticles  
Gold nanoparticles were synthesized by borohydride reduction of chlorauric acid as 
described elsewhere with some modifications [Mat04]. In a typical process, 328 mg of 
tetraoctylammonium bromide (TOAB) (0.6 mmol) dissolved in 100 ml toluene, was mixed 
with 50 ml aqueous solution of HAuCl4.4H2O (15mM) at room temperature. Thereafter, a 
solution of 32.75 mg 11-mercaptoundecanoic acid (MUA) (0.15 mmol) dissolved in 25 ml 
toluene was drop wise added into the reaction mixture under vigorous stirring. Subsequently, 
freshly prepared 25 ml aqueous solution of 0.30 M NaBH4 was added and resulting mixture 
was allowed to stir for 1 h. The organic phase was separated, washed with millipore water and 
concentrated to dryness under reduced pressure. The black solid thus obtained was heat treated 
at 155 °C at the heating rate of 2 °K min-1 for 30 min. The heat-treated product was dissolved 
in 10 ml of toluene, mixed with 200 ml of chloroform to remove the excess TOAB and MUA, 
and finally Au nanoparticles were separated through the centrifugation. 
Physical and chemical properties of Au NPs were measured by different 
characterization tools. As shown in Figure 5.6a, TEM image confirmed the formation of 
nearly monodisperse Au nanoparticles with a mean size of 5.2 nm. The surface of the Au 
nanoparticles was chemically protected with a polar and lipophilic group, 11-
mercaptoundecanoic acid, exploiting the affinity of Au for the amines and thiol compounds 
[Gra95, Fre95]. Presence of –COOH on the surface of nanoparticles was further confirmed 
by IR spectroscopy. Figure 5.6b shows a C=O stretching band at 1740 cm-1, characteristic of 
free carboxylic acid groups [Nuz90]. In addition, absence of S-H peak at 2550 cm-1 confirms 
the attachment of this capping agent on the surface of gold nanoparticles through thiol 
function. Figure 5.6c shows UV-VIS spectrum of Au nanoparticles in toluene, revealing a 
strong characteristic surface plasmon peak at 520 nm. 
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Figure 5.6 (a) TEM image, (b) IR spectrum and (c) UV-VIS spectrum of 11-
mercaptoundecanoic acid capped Au nanoparticles. 
 
5.2.3 Iron oxide (Fe3O4) nanoparticles. 
Magnetic nanoparticles Fe3O4 were prepared by the hydrothermal co-precipitation of 
ferric and ferrous ions using NaOH as the base, described by Kouassi et al. [Kou05]. 
Typically 3.26 g iron (II) chloride and 2.66 g iron (III) chloride were dissolved in 200 ml 
millipore water and chemically precipitated at room temperature (25 °C) by adding 1 M 
NaOH at pH 10. The resulting precipitate was filtered and heated at 80 °C for 40 min and 
finally washed four times in water and several times in ethanol. During the washing, the 
magnetic nanoparticles were separated from the supernatant using a permanent magnet 
(Strength ~ 1 T), and the particles were finally dried overnight in a vacuum oven at 70 °C.  
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Functionalization of Fe3O4 magnetic nanoparticles:  
Prepared Fe3O4 NPs were surface modified with amino groups using 3-aminopropyl 
trimethoxysilane (APTMS) as described in literature [Kou06]. Magnetic nanoparticles (1 g) 
were mixed with 10 mL of 3 mM APTMS solution in a toluene/methanol (1:1 v/v) mixture. 
The resulting suspension was then transferred into a three-necked round bottom flask 
equipped with a water-cooled condenser, temperature controller and continuous nitrogen gas 
flow. The reaction mixture was vigorously stirred at 80 °C for 20 h. The particles were 
recovered by applying an external magnetic field (through a permanent magnet) after the 
silanization process and washed three times with methanol and dried at 50 °C in a vacuum 
oven. 
 
 
 
Figure 5.7 (a) TEM image and (b) IR spectrum of Fe3O4 NPs. 
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As shown in Figure 5.7a, TEM image confirmed the formation of Fe3O4 NPs with a 
mean size of 6-7 nm. TEM image shows few agglomerates due to magnetic attraction 
between nanoparticles. The surface of the Fe3O4 nanoparticles was chemically modified with 
amino groups using APTMS. Silanization was bound to occur at the surfaces of the particles 
bearing hydroxyl groups. Silanization leads to the formation of an APTMS coating with a 
large density of amines, in the presence of an organic solvent [Kim02a]. Presence of NH2 
groups on the surface of nanoparticles was further confirmed by FTIR spectroscopy. Figure 
5.7b shows a medium-strong band at 1635 cm-1 (NH2 scissoring band), and another band at 
3440 cm-1 (characteristic of asymmetric stretching of N-H bond) [Pro00]. 
Magnetic characterization of Fe3O4 nanoparticles:  
Magnetic characterization was carried out using a superconducting quantum 
interference device magnetometer (SQUID, Quantum design - 1822) and vibrating sample 
magnetometer (VSM, Quantum design - 6700). The measurements were conducted at 340 K 
and 10 K with a maximum applied field of 1T.  
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Figure 5.8 Dependence of magnetisation of Fe3O4 NPs on the applied field at 10 and 340 K 
temperature. 
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Figure 5.8 shows the dependence of magnetisation of Fe3O4 NPs on the applied field at 
two different temperatures (10 and 340 K). Prepared nanoparticles show ferromagnetic 
behavior and the coercivity of these iron oxide nanoparticles measured at 10 K and 340 K is 
360 Oe and 175 Oe, respectively. There is no significant change in the hysteresis behaviour 
of these ferromagnetic nanoparticles with the change in temperature, except the small change 
in coercivity and a decrease in the magnetic moment at higher temperature. The observed 
decrease in coercivity and saturation magnetization (Ms) at higher temperature is typical for 
common magnetic materials and can be explained on the basis of molecular field theory. The 
interesting point here is that despite the small diameter of 6-7 nm, the particles exhibit an 
open ferromagnetic hysteresis at 340K. Isolated particles of this diameter have been 
characterized typically of superparamagnetic nature [Shi05, Zha03].  
5.3 Conclusions 
A number of metal/metal oxide/semiconductor nanoparticles were synthesized and 
functionalized with appropriate surface modifier groups. Size and morphology of the prepared 
nanoparticles were measured by TEM analysis and surface modification was confirmed by IR 
Spectroscopy. UV-VIS and photoluminescence spectroscopy were employed for the optical 
characterization of nanoparticles. Magnetic measurements were performed to investgate the 
nature of synthesized Fe3O4 nanoparticles. These preformed nanoparticles were immobilized 
on different types of polymer brushes as described in Chapter 6. 
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Chapter 6. Immobilization of nanoparticles onto polymer brushes 
6.1 Introduction 
Fabrication of nanoparticle/polymer composites represents one of the fastest growing 
fields of materials research. It has been widely recognized that the macroscopic properties of 
nanoparticle-based composites will reflect both the characteristics that are specific to nano-
objects [Lin00, Ali96] as well as those of large-scale structure of nanoparticles in the matrix 
[God95, Bru97, Wel93]. The unusual optical, electronic, magnetic, adsorption, and other 
important materials characteristics of nanoparticle/matrix hybrids can be utilized in a large 
variety of applications, including high-density information storage media, sensors, magnetic 
fluids, medical diagnostics, membranes and catalysts etc. [Fen98].  
Numerous strategies have been exploited to immobilize the different types of 
nanoparticles on various solid surfaces. First one is surface modification of substrate with 
some functional groups such as thiol, pyridyl, amino, or carboxyl that provide attractive 
interaction to nanoparticles. For example the modification of glass surfaces with thiol 
containing siloxides was first used to improve the adhesion of vacuum-deposited gold films 
[Gos91]. Later, this approach was extended to the immobilization of silver, gold, and other 
metal nanoparticles on glass, quartz, silicon, ITO glass, and so forth surfaces [Chu95, Fre95, 
Gra95, Sha05]. In an alternative strategy, nanoparticles themselves can be modified with 
some functionality and subsequently can be made to bind with metal substrate exploiting 
hydrogen or hydroxyl groups present on their surface. For example, Yamanoi et al [Yam04] 
described ω-alkene-1-thiol-functionalized gold nanoparticles covalently linked to a 
hydrogen-terminated silicon (111) surface through a thermal hydrosilylation reaction. 
Another approach is the use of electrostatic interactions between oppositively charged 
moieties, via adsorption of polycations/polyanions [Dec97, Ost01, Kot95, Kot96, Lvo97, 
Lvo99, Liu97, Les99]. This protocol involves optimisation of charge density of the 
polyelectrolyte and the surface charge density of the inorganic nanoparticles within their 
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mutual solutions with respect to the pH value. An alternative way for immobilization of 
nanoparticles on macroscopic surfaces is to generate their three dimensional assemblies using 
an external matrix. Typical examples of this approach include use of block copolymers 
[Has99, Soh97] or polymers [Gag01, Ion06] tethered chemically to the substrates. In this 
approach each molecule provides many binding sites for simultaneous interaction with 
particles and substrate [Shi97, Wan00]. Multiple papers reported the dispersion of 
nanoparticles in homo polymers and block copolymers in bulk and thin films [Soh01, Tsu99, 
Ant95].  
 
 
Figure 6.1 Different strategies for immobilization of nanoparticles on surfaces, (a) self 
assembled monolayer, (b) polymer matrix and (c) polyelectrolyte layers. 
 
Although the above described pioneering works are very interesting but unfortunately 
have been reported to be accompanied with some disadvantages such as (1) agglomeration of 
adsorbed nanoparticles on surfaces [Yam04] (2) incomplete coverage of surfaces with 
nanoparticles [Mal02] (3) weak or reversible bonding of nanoparticles to adhesion 
promoters/surface [Oh03] and (4) multistep time consuming process to achieve multilayered 
adsorption of nanoparticles [Mus99, Res01]. Also, the incorporation of inorganic materials 
into the polymeric domains is far from straightforward. Since most polymers are materials 
with low surface energy, the adhesion between metals and polymers is usually poor. Only, 
the specific interactions like dipolar interactions, hydrogen bonding, complex formation, or 
a b c 
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covalent bonding can lead to the incorporation/immobilization of inorganic materials into or 
onto polymers.  
Recent theoretical predictions [Cur98, Kim02, Cur00] and early experimental studies 
[Gag01, Liu02] indicated that the distribution of nanoparticles in a soft material could be 
achieved by utilizing surface anchored polymer brushes. Theoretical studies of brush/particle 
composites predict that the distribution of the nanoparticles in the polymer brushes is 
dependent on: (1) particle size, (2) polymer/particle interactions [Gag01, Yis01], (3) polymer 
molecular weight (MW) [Liu02, Bha03, Bha04], and (4) the polymer grafting density 
[Gag01, Bha04]. Depending on the interplay among the aforementioned parameters, the 
particles can either be adsorbed on the tip of the brush or can penetrate inside the brush, thus 
forming two- or three-dimensional (2D or 3D) assemblies, respectively [Kim02]. Although 
particle/ polymer brush systems have been the focus of a few experimental studies [Gag01, 
Liu02], a thorough and systematic exploration of this important class of materials is still 
lacking.  
Only few studies are available in literature on the immobilization and behavior of nano-
particles on polymer brushes. Gage et al. [Gag01] reported on adsorption of silica 
nanoparticles on polyethylene oxide brushes, prepared via LB (Langmuir-Blodgett) technique 
and the adsorbed amount of NPs was measured through reflectometry at various pH and 
grafting densities of brushes. In-situ synthesis of palladium or silver NPs within diblock 
copolymer polyelectrolyte brushes was described by Boyes and group [Boy03]. Ballauff’s 
group has synthesized a variety of nanoparticles such as gold, silver, platinum and palladium 
into spherical polymer brushes prepared on some polymeric template [Sha04, Lu06, Sha07, 
Mei07]. Zhang et al. have prepared ultrafine magnetic nanoparticles within core-shell 
polymer brushes [Zha04a]. Recently, Azzaroni et al [Azz07] reported in-situ synthesis of 
gold NPs within polyelectrolyte brushes on planar surfaces.  
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Work presented in this thesis is motivated to explore different kinds of responsive 
polymer brushes on planar substrates for the immobilization of functionalized nanoparticles 
via covalent/hydrogen/electrostatic binding. The responsiveness of polymer brushes to 
external stimuli allows the use of these nanoassemblies in the fabrication of nanosensors. The 
strong bonding between NPs and the polymer brush avoids or delays the leaching of NPs, 
increasing the lifetime of the nanodevice. In addition, it makes the system more 
environmental friendly because leaching of loosely attached NPs may cause harmful effects 
in the environment. Potential applications of such nanocomposites may include the 
development of materials with new or unusual optical properties or catalytic activities, or 
nanocomposites with novel mechanical function [Kid05, Liu03, She05].  
 
6.2 Cadmium Telluride nanoparticles on poly(acrylic acid) brushes 
 
6.2.1 Introduction: 
 
Polymer brushes have been proven to possess properties rendering them interesting for 
supporting an assembly of nano-particles and colloids to precise control of their position on a 
surface, or to adjust desired interaction strength between the particles and the surface. As 
mentioned earlier, quantum dots represent a class of materials with fascinating optical 
properties. Immobilization of quantum dots on responsive polymer brushes may open new 
avenue for the fabrication of nanosensors. A few studies are available in the literature on the 
attachment of these quantum dots on polymer brushes. For example, Snaith et al [Sna05] 
demonstrated the preparation of polymer brushes/nanocrystal composites by infiltrating the 
pyridine capped CdSe nanoparticles into the poly(triphenylamine acrylate) (PTPAA) brushes 
and exploited the ligand exchange process as the driving force for the uptake of CdSe 
nanocrystals into the polymer brushes. Ionov et al [Ion06] have demonstrated the adsorption 
of preformed CdSe nanoparticles on P2VP brushes. The nanocrystals were held in the 
polymer brushes, most likely due to hydrophobic–hydrophobic interaction. Well-defined 
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amphiphilic core-shell cylindrical polymer brushes with a poly(acrylic acid) (PAA) core and 
a poly(n-butyl acrylate) (PBA) shell were used as single molecule templates, utilizing the 
coordination of cadmium ions with carboxylate groups in the core of the brush for the in-situ 
preparation of CdS nanoparticles by Müller et al [Zha04b]. In the present work, amino 
functionalized cadmium telluride (quantum dots) were covalently attached on poly(acrylic 
acid) brushes through the amide bonding. The quantum dots have been immobilized along the 
polymer chains, exploiting the carbodiimide chemistry between amino groups of QDs and 
carboxyl moieties present at monomer units of the poly(acrylic acid) chains. 
6.2.2 Immobilization of CdTe NPs on PAA brushes:  
Carbodiimide chemistry has been realized to be a useful tool in organic chemistry for 
producing chemical bonds under mild conditions [Wil81, Sha05]. It allows the formation of 
amide and ester bonds between carboxylic and amino or hydroxyl groups even at room 
temperature in a standard buffer medium. Here, same chemistry has been used to immobilize 
the amino functionalized CdTe nanoparticles on PAA (Polyacrylic acid) brushes via amide 
bonding. Scheme 6.1a and 6.1b show schematic illustration and chemical reactions involved in 
the immobilization process, respectively. Silicon substrates modified with PAA brushes were 
stirred in a mixture of 0.1 M N-(3-Dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride 
(EDC) and 0.1 M N-hydroxysuccinimide (NHS) in phosphate buffered saline (PBS) buffer at 
pH 7.4 for 1 h. This leads to activation of -COOH groups of PAA polymer brush forming the 
ester [Wan02]. Afterwards, samples were rinsed with ethanol and stirred overnight in an 
aqueous solution of CdTe nanoparticles with a continuous flow of argon. The activated –
COOH groups of PAA brushes were made react with amino groups of CdTe nanoparticles at 
room temperature which resulted in the immobilization of these quantum dots on PAA 
polymer chains through the amide bonding. After rinsing several times and then sonicating for 
5 minutes in millipore water, wafers were dried under argon flow and used for 
characterization. 
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Scheme 6.1 (a) Schematic illustration of immobilization of amino functionalized CdTe NPs 
(QDs) on PAA brushes and (b) chemical reaction involved in the immobilization process. 
 
6.2.3 Results and discussion:  
Immobilization of CdTe NPs on PAA brushes was confirmed by several techniques and 
results can be summarized as follows.  
Atomic Force Microscopy:  
Figure 6.2 illustrates AFM height images of PAA polymer brush (a) before and (b) after 
the immobilization of CdTe nanoparticles. One can observe that after chemical attachment of 
CdTe nanoparticles, sample has developed a “pebbled” appearance, indicative of the presence 
of a fairly dense layer of the nanoparticles on PAA brushes. It can be further supported by the 
significant increase in root mean square (rms) roughness of PAA brushes after immobilization 
of nanoparticles from 0.7 nm to 2.2 nm. These results reveal that particles remained attached 
to the silicon surface even after sonication in water for 5 min. Adherence after sonication 
supports the robust coupling of the particles to PAA brushes with the amide bonding [Har01]. 
Moreover, Fig 6.2b shows a homogenous distribution of almost spherical particles on polymer 
brush. A close inspection of these results reveals presence of approximately 20 nanoparticles 
per 0.1 µm2 surface area. However, it should be noted this number is only corresponding to 
EDC/NHS 
QDs 
PAA brushes QDs immobilized on 
PAA brushes 
a 
n
 CH2 CH
COOH
n
 
(CH
2
)
2
S
CdTe
CH2 CH
CONH
PAA brushes immobilized 
with CdTe NPs 
EDC/NHS 
CdTe
S (CH
2
)
2
NH
2
PAA brushes Amino functionalized 
CdTe NPs 
b 
IMMOBILIZATION OF NANOPARTICLES                                                                          83 
 
nanoparticles present on the surface and do not take into account the NPs present inside the 
brush layer. The exact number of immobilized nanoparticles on a polymer chain could not be 
estimated by AFM analysis, as these results reveal only surface informations of 
nanoassemblies. However, further cross-sectional TEM analysis of these samples can provide 
an idea about the exact number of immobilized nanoparticles. The complete coverage of 
surface with CdTe nanoparticles as well as their close packing indicates that PAA brushes can 
serve as an efficient binding layer for immobilization of these nanoparticles on silicon 
substrate.  
 
 
 
Figure 6.2 Atomic force microscopy (AFM) images (1X1 µm) of poly (acrylic) acid (PAA) 
brushes (a) before and (b) after the immobilization of CdTe nanoparticles. 
 
X-ray photoelectron spectroscopy:  
The presence of CdTe NPs and their covalent bonding with grafted PAA brushes were 
confirmed with X-ray photoelectron spectroscopy (XPS) analysis. These measurements were 
carried out after vigorous washing and extraction of the samples. Figure 6.3a illustrates 
labelling of the carbon moieties at PBA brushes and PAA brushes before and after the 
immobilization process to explain the XPS results. Figure 6.3b illustrates XPS wide scan 
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spectra of CdTe immobilized PAA brushes. In comparison to the bare PAA brushes (already 
described in Chapter 4, Section 4.3.1), appearance of Cd and Te signals and decrease in O1s 
to C1s intensity ratio in this spectrum prove attachment of amino functionalised CdTe 
nanoparticles on PAA brushes. The core level C1s spectra of these samples (shown in Figure 
6.3c) can be deconvoluted into five components peaks (A-D, F).  
 
 
Figure 6.3 X-ray photoelectron spectroscopy, (a) labelling of carbon moieties, (b) & (c) 
wide-scan spectrum and C1s core level spectrum of PAA brushes after immobilization of 
CdTe NPs. 
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amide bonding between CdTe nanoparticles and PAA polymer chains. The wide scan spectra 
of CdTe immobilized PAA samples with binding energies for Cd 3p1/2 and Te 3p1/2 
component peaks at about 617.7 eV and 822 eV respectively, is also consistent with the 
presence of CdTe species.    
Photoluminescence Spectroscopy:  
In order to study the optical properties of CdTe nanoparticles before and after the 
immobilization on PAA brushes, absorption (Figure 6.4a) and photoluminescence (Figure 
6.4b) measurements were carried out for prepared nanoassemblies. The position of the 
absorption and luminescence maxima relate well to the sizes of the CdTe NPs and consistent 
with the size-quantization effect being operative in semiconductor nanoparticles of such sizes 
[Gap02]. Figure 6.4a reveals that the absorption spectrum of the immobilized CdTe 
nanoparticles exhibit a well resolved band near 580 nm of the first electronic transition, which 
is similar to those of CdTe nanoparticles in solution.  
 
Figure 6.4 (a) UV-VIS absorption and (b) photoluminescence spectra of CdTe nanoparticles 
in aqueous media (----) and those immobilized on PAA brushes (____). 
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The PL spectra (Figure 6.4b) of immobilized CdTe nanoparticles reveals relatively broad 
peak with slightly red shift in maxima position as compared to that of free CdTe nanoparticles. 
This apparent red shift from 610 nm to 615 nm in position of peak maxima can be attributed to 
stabilisation of CdTe nanoparticles on PAA polymer chains and the change in environment 
from water to the polymer [Sus00, Rog00]. In addition, broadening in photoluminescent peak 
may be caused by the congregation of CdTe nanoparticles on PAA brushes [Li04, Wan07]. 
However, the FWHM (full width at half maximum) of the PL spectra is still narrow (ca. 65 
nm) indicating the pure colour emission of NPs immobilized on silicon surface.  
Fluorescence Microscopy:  
Further evidence for the presence of homogenously distributed QDs on PAA brushes 
was provided by fluorescence micrographs. Fluorescence image was taken on LDEC epiplan 
Neo Fluar (Zeiss) equipped with Cascade II back illuminated EMCCD camera (model 512B). 
Sample was characterized for the localised emission from 
individual quantum dot structures, excited with 546 nm line 
from a mercury vapour lamp HBO 100. Emission was 
measured using reflection mode. Figure 6.5 presents a 
fluorescence micrograph from CdTe nanoparticles 
immobilized on PAA polymer brushes. As expected, the 
emission from the immobilized QDs reveals the 
homogenous distribution of CdTe nanoparticles on silicon 
surface. 
6.2.4 Conclusions: 
In summary, exploitation of well defined polymer brushes for direct and controlled 
immobilization of quantum dots on macroscopic surfaces has been demonstrated. Amino 
functionalized CdTe nanoparticles were successfully immobilized on PAA brushes through 
covalent bonding. Prepared nanoassemblies were characterized using a number of analytical 
 
5 µm  
Figure 6.5 Fluorescence image 
of CdTe NPs immobilized on 
PAA brushes. 
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tools, such as AFM, XPS, photoluminescence spectroscopy and fluorescence microscopy. 
This approach offers the possibility to organize CdTe nanoparticles with their irreversible 
bonding and homogenous distribution on underlying substrates. Strong suppression of the 
growth of CdTe particle rich domains was observed while using PAA brushes with thickness 
comparable to the diameter of the used nanoparticles. This methodology can effectively be 
followed for the immobilization of a series of other nanoparticles such as Ag, Au, Pt, Pd and 
so forth on different surfaces exploiting polymer brushes. The described approach should be 
useful in applications in which nanoparticles are employed to modify the properties of 
macroscopic surfaces. 
 
6.3 Silver nanoparticles on Poly(2-vinylpyridine) brushes 
6.3.1 Introduction: 
Silver (Ag) nanoparticles represent an interesting class of metal NPs, which has been 
studied intensively owing to their excellent optical, antibacterial and photocatalytic properties 
[Hai95, Lu06a, Shi99]. A few studies have been reported in the literature on the 
immobilization of Ag NPs onto planar/spherical polymer brushes. For example, Boyes et al 
reported on the in-situ synthesis of silver and palladium nanoparticles into poly(styrene-
acrylic acid) block copolymer brushes [Boy03]. Lu at al [Lu06] incorporated silver 
nanoparticles into thermosensitive core-shell latex particles consisting of poly(styrene) core 
and poly(N-isopropylacrylamide) shell via sodium borohydride reduction of silver salt and 
have shown their catalytic activity. Similarly, amphiphilic double-cylinder-type copolymer 
brushes were employed as a single molecule template, utilizing the coordination of Ag+ ions 
with carboxylate groups in the core of the brush. Subsequently, incorporated silver ions were 
reduced by addition of a chemical reductant, sodium borohydride in order to achieve silver 
nanoparticles [Ish05]. Recently, Huck et al. reported on the loading of silver ions into the 
poly(3-sulfopropylmethacrylate) brushes through ion exchange reactions and demonstrated 
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their application as antibacterial surfaces [Ram07]. In this study, immobilization of Ag NPs 
on the pH responsive P2VP brushes has been demonstrated.  Electrostatic interaction between 
electron rich pyridine moiety and electron deficient silver ions is probably the driving force 
for the attachment of NPs onto the polymer brushes. 
6.3.2 Immobilization of Ag NPs on P2VP brushes: 
Ag NPs were immobilized on the P2VP brushes by carrying out the in-situ reduction of 
AgNO3 salt. Scheme 6.2a and 6.2b show the schematic presentation of the immobilization of 
Ag NPs onto polymer brushes and reaction involved in the in-situ preparation of silver 
nanoparticles along the polymer chains, respectively.  
 
Scheme 6.2 (a) Schematic presentation of the immobilization of Ag NPs onto the P2VP 
brushes and (b) electrostatic attraction between nitrogen of pyridine ring present at P2VP 
chains and silver cations present in reaction media. 
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Presence of pyridyl group on the P2VP chains renders a strong affinity towards the 
electron-deficient metal ions [Mal02]. Firstly, the silver ions (Ag+) have been absorbed on 
P2VP chains from the aqueous solution of AgNO3 by electrostatic interaction with the 
electron rich pyridyl groups and subsequently reduced into Ag NPs via chemical reduction. 
P2VP grafted silicon or glass substrates were stirred in aqueous 0.005 M AgNO3 solution for 
30 min under argon flow. Thereafter, substrates were removed and quickly dipped and stirred 
into aqueous 0.2 M NaBH4 solution. Finally, substrates were washed several times with 
millipore water, dried under argon and used for characterizations. It is believed that 
immobilization of Ag NPs inside the polymer brush layer would be suppressed by the steric 
hindrance caused by the polymer chains and hence most of Ag NPs are immobilized on the 
upper part of the polymer brush layer.  
6.3.3 Results and discussion:  
The obtained P2VP-Ag nanoassemblies were characterised by a number of analytical 
tools and results are described as follows. 
Contact angle measurements:  
Advancing water contact angle of Ag NPs immobilized P2VP brushes has been found 
to be 78 ± 1.2° as compared with ~58 ± 1.1° for bare P2VP brushes. These results are in 
agreement with those reported by Boyes et al [Boy03]. They described that presence of metal 
NPs on surfaces increase the water contact angle probably due to the increased roughness.  
Atomic force microscopy:  
Figure 6.6a-d illustrate AFM images of P2VP brushes in dry state (a) before and after 
the immobilization of Ag NPs at (b) 0.0025 M, (c) 0.005 M and (d) 0.01 M AgNO3 
concentrations, respectively. The root mean square (rms) roughness of the bare P2VP brushes 
has been measured as ≤ 0.7 nm, which increased significantly to 5.7 nm after the 
immobilization of Ag NPs at 0.005 M AgNO3 concentration. Moreover, Figure 6.6b-d reveals 
that immobilized particles are present in the form of domains, probably because the AFM 
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analysis was performed in dry state. Upon drying, Ag NPs underwent surface aggregation 
and uniformity has been lost [Mal02]. Moreover, in dry state all the polymer chains remain in 
collapsed state, bringing the immobilized particles close to each other. 
Figure 6.6 AFM phase images (2X2 µ) of P2VP brushes (a) before and (b) after 
immobilization of Ag NPs at (b) 0.0025 M, (c) 0.005 M, (d) 0.01 M AgNO3 concentration. 
 
UV-VIS Spectroscopy:  
Figure 6.7a shows UV-VIS absorption spectra (taken in dry state) of P2VP brushes 
before and after the immobilization of Ag NPs at 0.005 M AgNO3 concentration. In the case 
of bare P2VP brushes, no absorption band has been observed while Ag NPs immobilized 
polymer brushes revealed an absorption band at 429 nm. This peak arises from the surface 
plasmon absorption of immobilized Ag NPs [Hen99, Pet93]. It can also be seen that the 
a 
c 
 
b 
d 
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plasmon absorption band is rather sharp and symmetric; indicating the narrow particle size 
distribution of immobilized Ag NPs. In agreement with AFM results, aggregation of the 
immobilized Ag NPs in dry state of the P2VP brushes caused a red shift in peak position to 
429 nm as compared to that of 400 nm expected for the homogenously distributed Ag NPs 
particles [Kuo03]. Furthermore, absence of the signature peak at higher wave length excludes 
the presence of large aggregation of immobilized Ag NPs even in the dry state of P2VP 
brushes [Zhe02].  
 
Figure 6.7 (a) UV-VIS spectra of bare P2VP brushes and Ag NPs immobilized P2VP 
brushes and (b) XPS wide scan spectrum of Ag NPs immobilized P2VP brushes. 
 
X-ray photoelectron spectroscopy:  
In order to prove the presence of Ag NPs on polymer brushes, samples were further 
investigated by XPS analysis. Figure 6.7b shows XPS data for the samples prepared at 0.005 
M AgNO3 concentration. Appearance of “Ag” signals at the characteristic binding energies in 
the wide scan spectra strongly confirms the presence of Ag NPs on P2VP brushes. In 
addition, XPS results also revealed an increase in immobilized amount of Ag NPs with 
increasing the employed concentration of AgNO3 salt in reaction media. From these data, the 
atomic concentrations of “Ag” have been estimated as 3.16 %, 4.06 % and 4.73 % for the 
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samples prepared at 0.0025 M, 0.005 M and 0.01 M AgNO3 concentrations respectively 
(shown in Figure 6.8). 
Effect of reaction parameters on immobilization process: 
To investigate the effect of different reaction parameters on immobilization process, Ag 
NPs have been immobilized by varying the concentration of AgNO3 salt in reaction media 
and reduction time. Figure 6.9a illustrates the 
UV-VIS spectra of P2VP brushes immobilized 
at different AgNO3 concentrations namely 
0.0025M, 0.005 M and 0.01 M. As expected, 
one can observe an increase in the intensity of 
absorbance band with increasing the employed 
concentration of AgNO3 salt in the reaction 
media. Moreover, a closer look of these results 
reveals the bathochromic shift from 421 nm to 
the 429 nm with an increase in the AgNO3 concentration from 0.0025M to 0.005M. On the 
other hand, no significant shift in band position has been observed with an increase in the 
same from 0.005M to 0.01M. However, a slight but continuous broadening of the absorption 
bands can be seen with an increase in AgNO3 in reaction media. These data confirm that Ag 
NPs immobilized on P2VP brushes at 0.005 M AgNO3 concentration are relatively more 
aggregated as compared to those immobilized at 0.0025 M. As a consequence of this, a 
bathochromic shift and broadening of the absorption band have been observed [Hra03, 
Rad07]. Both intensity and position of λmax reflect the extent of aggregation, resulting from 
coupling of surface plasmons between closely spaced particles. In addition, it can also be 
concluded that an increase in AgNO3 concentration from 0.005M to 0.01M does not cause 
any substantial enhancement in degree of agglomeration, which can lead to the significant 
shift in band position. Similar results were reported by Lu et al for Ag NPs immobilized into 
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on P2VP brushes (calculated by XPS). 
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thermo-responsive microgels [Lu06]. They described the variation in interparticle distances 
of immobilized NPs as a function of the temperature and reported that variation in 
temperature from 10 °C to 20 °C leads to a decrease of the interparticle distance because of a 
slight shrinkage of the employed microgel template, however this change in the interparticle 
distance of immobilized Ag NPs was not enough to further shift the plasmon absorption band 
position. 
 
Figure 6.9 (a) UV-VIS spectra of P2VP brushes immobilized with Ag NPs at different 
(0.0025 M, 0.005 M and 0.01M) AgNO3 concentrations and (b) UV-VIS spectra of P2VP 
brushes immobilized with Ag NPs at 0.005 M AgNO3 concentration at different reduction 
time in NaBH4. 
 
When Ag NPs were immobilized at 0.005 M AgNO3 concentration by varying the 
exposure time to the NaBH4 solution (0.2 M) from 30 minutes to 4.5 h (reduction time), no 
significant change in the intensity of UV-absorption band have been observed (as shown in 
Figure 6.9b). However, a slight bathochromic shift in band position occurred with an increase 
in the reduction time. It can probably be attributed to the increase in size of NPs with 
increasing the reduction time [Hay99]. Higher reaction time promotes the self-aggregation of 
small Ag colloids formed during the first stage of reduction process via the diffusion process 
[Par01]. Chou et al also reported an increase in the size of Ni NPs as a function of reduction 
time, prepared by chemical reduction of NiCl2 with NaBH4 [Cho07]. When samples were 
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stirred for 24 h in NaBH4 solution, no absorption band appeared in UV-VIS spectra. Such a 
long time exposure of samples with reducing agent probably resulted into the removal of 
P2VP brushes from substrate because of the reduction of anchoring layer itself.  
6.3.4 Conclusions:  
A simple and facile approach for the immobilization of Ag NPs onto the pH responsive 
P2VP brushes has been demonstrated. The Ag NPs were synthesized by NaBH4 reduction of 
AgNO3 salt in the presence of P2VP brushes and interaction of nanoparticle precursors with 
pyridyl rings of the P2VP chains has been exploited as the driving force for the 
immobilization process. In addition, effect of various reaction parameters on the 
immobilization of Ag NPs on P2VP brushes has been discussed. Owing to the 
multifunctional properties of Ag NPs and responsiveness of P2VP brushes with pH of 
surrounding media, the obtained P2VP-Ag nanoassemblies have been used in the fabrication 
of pH nanosensors (described in Chapter 7, Section 7.3). Apart from above mentioned pH 
sensing application, described approach offers an effective way to the stabilization of Ag NPs 
on the macroscopic surfaces, which can further be used as the antibacterial substrates. In 
addition, it is believed that immobilized NPs can offer large surface area as compared to the 
bulk ones, therefore these nanoassemblies can effectively be used as catalyst in photo 
catalytic reactions.  
 
6.4 Immobilization of gold nanoparticles 
6.4.1 Introduction: 
In recent years, there has been an increasing interest on the immobilization of Au NPs 
on a variety of polymer brushes [Bha06, Tok04, Sha04, Liu02]. The motivation of these 
studies was to explore the interesting optical properties of Au NPs, coupled with the 
fascinating properties of polymer brushes. For example, polymer brushes composed of 
covalently bound poly(dimethylaminoethylmethacrylate) (PDMAEMA), possessing a 
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macroscopic gradient in molecular weight of the chains, were used as an organic template for 
the 3D spatial arrangement of gold particles on underlying substrate [Bha06]. They claimed 
the electrostatic interaction between citrate capped Au NPs and positively charged 
DMAEMA groups at pH 6.5, as driving force for the immobilization of NPs. Liu et al 
[Liu02] reported on attachment of thiol modified Au NPs of 13 and 5 nm in diameter on a 
physisorbed brush made of a complex “sandwich” structure of poly(styrene-b-
ethylenepropylene) blockcopolymer. For this system, there were no specific interactions of 
Au NPs with the polymer brushes, and hence no positional assembly of the nanoparticles 
could be obtained. Cationic spherical brushes prepared on colloidal latex particles were used 
as nanoreactors for the generation of gold nanoparticles by Ballauff et al [Sha04]. They 
incorporated metals ions into polyelectrolyte brushes as counter ions and subsequently 
reduced them in order to achieve nanoparticles. Recently, Huck’s group also reported on in-
situ preparation of Au NPs within the cationic polymer brushes on planar substrates [Azz07] 
using the same strategy as exploited by Ballauff et al [Sha04]. 
In this study, selective immobilization of the pre-formed and carboxylic functionalized 
gold nanoparticles on the ends of poly(styrene) (PS) chains grafted on a silicon substrate in a 
brush conformation has been explored. In addition, immobilization of same Au NPs on the 
thermosensitive PNIPAAm brushes was investigated, where NPs were immobilized along the 
polymer chains.  
6.4.2 Immobilization of Au NPs on PS brushes: 
In order to immobilize Au NPs, α-hydroxy, ω-carboxy terminated polystyrene chains 
were grafted on the silicon substrate. As described in Chapter 4, Section 4.3.4, carboxylic 
terminated end group of PS chains was exploited for the grafting of polymer chains on the 
silicon substrates while hydroxyl terminated end group was kept free for the immobilization 
of Au nanoparticles. Presence of free hydroxyl groups on PS brushes was confirmed by XPS 
analysis (Chapter 4, Figure 4.12). Immobilization of Au NPs onto PS brushes was achieved 
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by exploiting the physical interaction (hydrogen bonding) between end functionality of 
polystyrene chains (-OH groups) and surface functionality (–COOH groups) of Au 
nanoparticles. The overnight incubation of PS brushes into the 1mM toluene solution of Au 
NPs resulted into the immobilization of Au NPs. Non- or weakly adsorbed particles were 
removed by rinsing the samples with toluene. Scheme 6.3a and 6.3b present the schematic 
diagram and interaction involved in the immobilization process, respectively.  
 
 
Scheme 6.3 (a) Immobilization of carboxy functionalized gold nanoparticles (Au NPs) onto 
end functionalized poly(styrene) (PS) brushes and (b) hydrogen bonding between carboxy 
functionalized Au NPs and hydroxyl end groups of PS chain ends. 
 
Functionalization of Au nanoparticles with 11-mercaptoundecanoic acid not only 
provides -COOH moiety to interact with the –OH groups of polystyrene chains but also 
enables good solubility in toluene, which is a good solvent for polystyrene. Owing to the 
hydrophobic-hydrophobic interaction, all the polystyrene chains remain highly stretched in 
toluene. Simulations studies on polymer brushes have also revealed that chain ends are 
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enriched in the top brush layer depending on chain stretching and grafting density [Klo04]. 
As a consequence of that, Au nanoparticles present in the solution have access to most of the 
end functionalities of highly stretched polymer chains and it facilitates the immobilization 
process.  
 
6.4.2.1 Results and discussion: 
Immobilization of gold nanoparticles on poly(styrene) brushes was proved by various 
characterization techniques and results are as follows; 
Atomic force microscopy:  
Figure 6.10 illustrates topographic AFM images of polymer brushes (a) before and (b) 
after the immobilization of Au nanoparticles. These results indicate that adsorbed Au 
nanoparticles formed a nearly uniform coverage on the polymer brushes. The root mean 
square (rms) roughness of the bare polymer brushes was measured ≤ 0.32 nm, which 
increased significantly to 3.3 nm after the immobilization of Au nanoparticles.  
 
 
 
Figure 6.10 AFM phase images of polystyrene brushes (5X5 µm) (a) before and (b) after the 
immobilization of Au nanoparticles. Inset shows an enlarged view (1X1 µm) of a part of 
images. 
 
Moreover, a close inspection of these images reveals that sample surface has developed 
a different appearance after the immobilization process the presence of a homogenous layer 
a b 
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of almost spherical gold NPs. AFM results reveal that Au nanoparticles cover approximately 
15 % of brush surface area. In addition, it can be observed that size of the immobilized NPs 
appeared larger in AFM images than those appeared in TEM image for pure nanoparticles 
(Chapter 5, Figure 5.6a). It can be attributed to the AFM tip surface convolution effects 
[Gra97].  
UV-VIS spectroscopy:  
Figure 6.11 shows the UV-VIS spectrum of the PS brushes before and after the 
immobilization of gold nanoparticles. As expected, neat brushes do not show any absorption 
peak in spectrum. On the contrary, Au NPs immobilized PS brushes revealed a peak at 560 
nm attributable to surface plasmon peak of gold nanoparticles. These results further confirm 
presence of Au NPs on the PS brushes. Moreover, absence of the optical signature of the 
aggregate of Au NPs above the wave length of 600 nm, strongly excludes the aggregation of 
immobilized Au NPs on PS brushes [Wei96, Nat01]. The aggregation of the immobilized 
NPs may be detrimental for the possible applications of these nanoassemblies. 
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Figure 6.11 UV-VIS spectra of the PS brushes before and after the immobilization of gold 
nanoparticles (Au NPs). 
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X-ray photoelectron spectroscopy:  
The presence of Au nanoparticles on polystyrene brushes was further proved by X-ray 
photoelectron spectroscopy (XPS) analysis. These measurements were carried out after 
vigorous washing and extraction of the samples. Figure 6.12 shows a XPS wide scan spectrum 
of the polystyrene brushes after the adsorption of Au nanoparticles (Au-PS brushes). In 
comparison to the wide scan spectrum of bare polystyrene brushes (shown in Chapter 4, 
Figure 4.12), appearance of Au signals at the characteristic binding energies indicates presence 
of Au nanoparticles on polymer brushes [Bea92].  
 
Figure 6.12 XPS survey spectrum (take off angle 75°) of polystyrene brushes after the 
immobilization of Au nanoparticles. 
 
Moreover, in order to prove that immobilized Au nanoparticles are located on the top of 
polymer brushes, XPS investigations of the samples were carried out at three different take-off 
angles (angle between surface normal and electron-optical axis of the spectrometer) namely 
0°, 60° and 75° which are corresponding to the mean information depth of 8, 4 and 2 nm 
respectively [Bri89, Sea79]. These results indicate that the [Au]:[C] ratio gradually increases 
from 0.009 to 0.016 with increasing take-off angle, suggesting presence of Au NPs mostly on 
the top of brush layer. The appearance of ‘Au’ signal even at 0° angle (8 nm information 
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depth), can be attributed to the fact that XPS measurements were performed in dry state, where 
the polymer brushes are in collapsed state, leading to the presence of Au NPs inside the brush 
layer as well. Nevertheless, a continuous increase in Au:C ratio with increasing the take-off 
angle illustrates that distribution of Au NPs is maintained perpendicular to the surface by 
polymer brushes, even in the collapsed state. 
6.4.2.2 Conclusions: 
Carboxy functionalized gold nanoparticles were prepared via reduction of chlorauric 
acid in the presence of a capping agent and end functionalized polystyrene brushes were 
prepared by grafting of bifunctional polymer chains on a suitable substrate. Pre-formed gold 
nanoparticles were immobilized at the free end of polymer chains through hydrogen bonding 
between hydroxyl end group of brushes and carboxy groups present at the surface of 
nanoparticles. Immobilization was confirmed by AFM, UV-VIS spectroscopy and XPS 
analysis, all of which strongly suggested the presence of Au NPs on the PS brushes. Due to 
positioning of nanoparticles at the end of polymer chains, obtained nanoassemblies could be 
successfully used to fabricate nanosensors to detect a variety of organic solvents (described in 
Chapter 7, Section 7.2).  
6.4.3 Immobilization of Au NPs on PNIPAAm brushes: 
 
For this purpose, gold nanoparticles (preparation described in Chapter 5, Section 5.2.2) 
were adsorbed from 1 mM toluene solution onto the PNIPAAm brushes by incubating the 
samples overnight. Non- or weakly adsorbed particles were removed by rinsing several times 
with toluene. It is believed that the hydrogen bonding between amide groups of PNIPAAm 
chains and carboxylic groups, present at the surface of gold nanoparticles acts as the driving 
force for the attachment (as shown in Scheme 6.4b). Scheme 6.4a illustrates schematic 
picture of the immobilization process since PNIPAAm brushes remain in collapsed state in 
toluene, so it can be presumed that gold nanoparticles were mostly attached on the top of the 
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brush layer. The penetration of Au NPs, inside the PNIPAAm brush layer may be inhibited 
by the steric hindrance of polymer chains. Nevertheless, possibility of random distribution of 
Au NPs along the PNIPAAm brush chains can not be ignored due to presence of amide 
moiety at every monomer unit. 
 
Scheme 6.4 (a) Schematic presentation of the immobilization of Au NPs onto the PNIPAAm 
brushes and (b) hydrogen bonding between carboxy groups present on the surface of Au NPs 
and amide groups of PNIPAAm brushes. 
6.4.3.1 Results and discussion: 
Prepared nanoassemblies (PNIPAAm brushes-AuNPs) were characterized by following 
methods.  
Atomic force microscopy:  
Figure 6.13 illustrates the AFM images of PNIPAAm brushes before and after the 
immobilization of Au NPs. One can observe the presence of a layer of homogenously 
distributed spherical particles at surface after the immobilization, indicating the presence of 
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Au NPs on these brushes. It was further confirmed by the significant change in root mean 
square (rms) roughness of brushes, from 0.4 nm to 2.2 nm after the stabilization of Au NPs.  
 
Figure 6.13 AFM phase images (1.5X1.5 µ) of PNIPAAm brushes (a) before and (b) after 
immobilization of Au NPs. 
X-ray photoelectron Spectroscopy:   
Presence of Au NPs on polymer brushes was further investigated by XPS analysis and 
results are shown in Figure 6.14.  
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Figure 6.14 XPS survey spectrum of Au NPs immobilized PNIPAAm brushes. 
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Appearance of characteristic “Au” signals at relevant binding energies (Au 4f ~ 84eV) 
in the wide scan spectra of Au NPs immobilized samples strongly confirms the presence of 
Au nanoparticles on PNIPAAm brushes [Bea92]. The atomic concentration of the gold on the 
surface was found to be approximately 5.56%.  
 
UV-VIS Spectroscopy:  
Presence of gold particles on PNIPAAm chains was also proved by UV-VIS 
absorption spectroscopy. Figure 6.15 shows no absorption band for the bare PNIPAAm 
brushes, while a symmetric band appears at 566 nm for the Au immobilized brush surfaces. 
This absorption band arises from the surface plasmon absorption of gold colloids, as they are 
known to have intense plasmon absorption bands in visible region [Elg97, Sto00]. In 
addition, absence of the optical signature at higher wave length (>600 nm) reveals that 
immobilized NPs are significantly not aggregated on the PNIPAAm brushes [Wei96, Nat01]. 
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Figure 6.15 UV-VIS spectrum of PNIPAAm brushes before and after the immobilization of 
Au NPs. 
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6.4.3.2 Conclusions:  
The carboxy functionalized gold nanoparticles were attached with the PNIPAAm 
brushes by exploiting physical interaction (hydrogen bonding) between carboxylic groups of 
gold particles and amide group present on the polymer chains. Adsorption of gold 
nanoparticles on the polymer brushes was confirmed by atomic force microscopy (AFM), X-
ray photoelectron spectroscopy (XPS) and UV-VIS spectroscopy. Obtained nanoassemblies 
may find application in fabrication of nanosensors based on the shift in surface plasmon peak 
of gold nanoparticles due to switching of PNIPAAm brushes with temperature. 
 
6.5 Immobilization of Fe3O4 nanoparticles on PNIPAAm brushes 
 
6.5.1 Introduction: 
 
Recently, a great deal of research efforts has been devoted to the stabilization of 
magnetic nanoparticles by grafting the brushes on their surfaces [Gel06, Gar07, Hua07]. 
Presence of these polymer coatings has been reported to impart the entropic repulsion to 
magnetic nanoparticles, preventing them from aggregation. Alternatively, stabilization of 
magnetic nanoparticles has been achieved by their immobilization onto the suitable polymer 
brushes. For example, Müller et al reported on the in-situ preparation of iron-oxide [Fe(OH)2] 
nanoparticles into cylindrical polymer brushes with poly(acrylic acid) (PAA) core and 
poly(n-butyl acrylate) (PBA) shell, by reduction of FeCl3 or FeCl2 salts using N2H4 and 
NaOH [Zha04c]. They explored the coordination between carboxylic groups and metal ions 
as a driving force for the immobilization process. Recently, same group reported on 
incorporation of preformed magnetic nanoparticles in another type of core-shell brushes with 
poly(methacrylic acid) (PMAA) core and poly(oligoethylene glycol methacrylate) 
(POEGMA) shell claiming an improved stability of the obtained system [Xu08] as compared 
to previously reported one. In the present study, stabilization of Fe3O4 nanoparticles through 
their immobilization on PNIPAAm brushes has been demonstrated. 
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6.5.2 Immobilization of Fe3O4 NPs on PNIPAAm brushes: 
For this purpose, 2 mM methanolic solution of Fe3O4 NPs (preparation described in 
Chapter 5, Section 5.2.3) was prepared and sonicated to get the fine dispersion. Subsequently, 
PNIPAAm grafted samples were incubated in this solution overnight. Non- or weakly 
adsorbed particles were removed by rinsing with methanol. Scheme 6.5a and 6.5 b show the 
schematic presentation of the immobilization of Fe3O4 NPs onto PNIPAAm brushes and 
hydrogen bonding between amino functionalized Fe3O4 nanoparticles and amide group 
present along the polymer chains, respectively. Since PNIPAAm brushes are swollen in the 
adsorption medium, nanoparticles can possibily get deeper into brush layer and hence 
randomly distributing all along the polymer chains. 
 
 
Scheme 6.5 (a) Schematic presentation of the immobilization of Fe3O4 NPs onto the 
PNIPAAm brushes and (b) hydrogen bonding between amino groups of Fe3O4 NPs and 
amide groups of PNIPAAm brushes. 
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6.5.3 Results and discussion: 
Prepared nanoassemblies were characterized using various analytical tools and results 
are described as follows.  
Atomic force microscopy:  
Figure 6.16 illustrates topographic AFM images of polymer brushes (a) before and (b) 
after the immobilization of Fe3O4 nanoparticles.  
 
 
Figure 6.16 AFM (a) phase and (b) height images of PNIPAAm brushes (2X2 µ); AFM (c) 
phase and (d) height images of PNIPAAm brushes immobilized with Fe3O4 NPs (5X5 µ).  
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These results indicate that adsorbed nanoparticles are randomly distributed on the 
polymer brushes. The root mean square (rms) roughness of the bare polymer brushes was 
measured as ≤ 0.4 nm, which increased significantly to ~ 4.4 nm after the adsorption of Fe3O4 
nanoparticles. It was found that magnetic nanoparticles don’t form a dense layer (as 
compared to other studied systems) over the brush surface, instead they are far apart.  
X-ray photoelectron Spectroscopy:  
The presence of Fe3O4 nanoparticles on PNIPAAm brushes was further proved by X-
ray photoelectron spectroscopy (XPS) analysis. The samples were rinsed with methanol 
several times before XPS analysis, to ensure the removal of nonimmobilized Fe3O4 NPs. 
Figure 6.17a shows survey spectra of the PNIPAAm brushes immobilized with Fe3O4 NPs. 
Appearance of “Fe” signals at the characteristic binding energies in the wide scan spectra 
strongly confirms the presence of Fe3O4 nanoparticles on PNIPAAm brushes. The atomic 
concentration of the “Fe” on the surface was found to be approximately 1.29 %. As shown in 
Figure 6.17b, Fe 2p spectrum is a composite of the Fe 2p3/2 and the Fe 2p1/2 spectra. The 
difference of the binding energy between the two spectra was determined to be ∆BE = BE(Fe 
2p3/2) – BE(Fe 2p1/2) = 13.89 eV, which is in agreement with reference data [Mou92]. The 
binding energy found for the Fe 3p3/2 peak corresponds with a binding energy typical for 
Fe3O4 material, strongly confirming that immobilized magnetic nanoparticles are in Fe3O4 
state [Mci77, Oku76]. 
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Figure 6.17 (a) XPS survey spectrum (take off angle 75°) of PNIPAAm brushes after the 
immobilization of Fe3O4 nanoparticles, (b) Core level spectra of Fe 2p. 
 
 
Magnetic characterization:  
Figure 6.18 shows magnetic moment of Fe3O4 immobilized PNIPAAm brushes as a 
function of temperature for the cooling and heating mode. These measurements were 
performed in the temperature range from 10 K to 300 K. Two samples were stuck together in 
order to get large signal. These results reveal that magnetic moment of immobilized Fe3O4 
a 
b 
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NPs decreases with increasing the temperature. In addition, it reversibly increases with 
decreasing the temperature. It can be attributed to the randomizing effect of electronic spins, 
due to the thermal fluctuations. Figure 
6.19 shows the dependence of magnetic 
moment on the applied magnetic field 
measured at 10 and 340 K. At low 
temperature (10 K) particles exhibit 
ferromagnetic behaviour with a coercivity 
of 190 Oe, but increasing the temperature 
to 340 K results in a completely closed 
hysteresis without a measurable 
coercivity. This can be attributed to the temperature induced collapse of PNIPAAm brushes 
at higher temperature which leads to isolation of NPs because of the presence of collapsed 
polymer chains in between them. Separation of Fe3O4 NPs results in the magnetization which 
can not withstand anymore with the thermal fluctuations, as a result, closed Langevin 
function like hysteresis was observed, as expected for superparamagnetic particles [Nee49]. 
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Figure 6.19 Dependence of magnetic moment of Fe3O4 NPs immobilized PNIPAAm brushes 
on applied field. 
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Figure 6.18 Magnetization curve for 
heating and cooling modes. 
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6.5.4 Conclusions: 
Fe3O4 NPs were successfully immobilized into PNIPAAm brushes and the presence of 
nanoparticles was proved by AFM, XPS and magnetic measurements. Magnetic 
measurements revealed that magnetic properties of immobilized Fe3O4 NPs can be modulated 
between ferromagnetic and superparamagnetic with the collapse of PNIPAAm brushes by 
increasing the temperature. The obtained system can find application in fabrication of 
temperature nanosensors and stabilization of magnetic nanoparticles on macroscopic 
surfaces.
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Chapter 7. Applications: Fabrication of nanosensors 
 
7.1 Introduction 
Metal/metal oxide nanoparticles have been potentially used in a wide spectrum of 
applications that range from optoelectronic devices [Sat97] to biological sensors [Elg97]. 
Recently, Au nanoparticles have become increasingly important material for cutting-edge 
applications in fabrication of advanced optoelectronic devices by virtue of their tunable 
optical properties, which are strongly dependent on the particle size and shape, interparticle 
distance, nature of the protecting organic shell and surrounding media. They are very 
sensitive to change in optical parameters in their surroundings. Exploitation of this unusual 
phenomenon has given rise to new analytical and sensing techniques. In this context, 
colloidal metal nanoparticles have received much attention. The colloidal dispersions of Au 
nanoparticles exhibit particular colors due to collective oscillations of electrons in the vicinity 
of the surface by visible light and show a colorimetric response to a change in the 
interparticle distance [Tak96, Kre85]. For example Nath et al [Nat04] reported the fabrication 
of a biosensor made of Au nanoparticles deposited on a glass substrate. Mirkin and co-
workers [Mir96, Elg97, Sto98] have used DNA-tethered colloidal Au particles to develop an 
optical method for detection of DNA hybridization. Tokareva et al reported fabrication of 
nanosensor based on the change in surface plasmon resonance of Au nanoparticles with 
change in pH of surrounding water [Tok04]. In addition, Emory and Nie [Nie97] have studied 
surface-enhanced Raman scattering (SERS) from single, surface-confined Au and Ag 
nanoparticles. Similarly, the heightened interparticle electric field [Ses96, Kea98] in 
deliberately prepared metal nanoparticle-analyte-metal nanoparticle sandwiches has been 
used to generate strong SERS signals from the sandwiched analyte [Bra93]. Electrochemical 
sensors for peroxide and other small molecules have been developed using surface confined 
protein/Au colloid complexes [Zha92, Hen87].  
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7.2 Fabrication of solvent nanosensors 
 
It has been realised that polymer chains, tethered to the substrates by one end in brush 
conformation, can show solvent induced swelling/deswelling behaviour [Aur92]. Two types 
of solvents have been proposed on the basis of their interactions with polymer segments; poor 
solvents in which chains are always collapsed due to poor interaction and good solvents that 
can induce strong stretching of the polymer chains with increased mobility of their free ends 
because of good interaction with polymer segments. The thickness of the swollen layers is 
governed by the balance between osmotic pressure and chain stretching. Various studies 
employing analytical theory [Hal88, Zhu91], simulation [Gre93] and neutron reflectivity 
[Kar94] have shown that stretched polymer chains in a polymer brush gradually shrink and 
finally collapse as the nature of the solvent changes from good to poor one. In this study, 
solvent responsiveness of PS brushes was exploited to fabricate chemical nanosensors. For 
this purpose, Au NPs were immobilized onto the PS brushes as described in Chapter 6, 
Section 6.4.2. The proximity of the immobilized Au nanoparticles will be altered by swelling 
of their support polymer in response to the organic solvents. One can expect an increase in 
interparticle distance on swelling of the polymer brushes and a decrease in the same when 
brushes are collapsed as shown in Scheme 7.1.  
 
Scheme 7.1 Schematic representation of reversible solvent induced swelling of Au-PS 
brushes. 
 
Good solvent 
Poor solvent 
PS brushes 
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PS brushes 
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The change in proximity of immobilized Au nanoparticles could induce a shift in their 
plasmon absorption band. To observe the clear shift in surface plasmon resonance, the size 
and proximity of the Au nanoparticles immobilized on the polymer brushes are the critical 
factors. It has been realized in several studies [Kre95, Sch94, Ali96a, Fen95] that the 
appropriate size of the Au nanoparticles for this purpose is <20 nm in diameter. Also, a 
narrow size distribution of the immobilized nanoparticles would be required for acquiring a 
sharp optical response. Therefore, preparation conditions for the Au NPs [Ter01, Bru94] and 
their concentration in absorption media were selected carefully. When samples were 
immersed in toluene which is considered as a good solvent for polystyrene [Aur94, Bra75], 
thickness of polymer brushes was found to increase from 6 nm to 14.7 nm by ellipsometry. 
When this sample was removed from the toluene, dried and immersed into other solvents 
such as chloroform and ethanol, thickness has been found to change to 11.6 and 6.3 nm, 
respectively, suggesting the presence of a less stretched and collapsed conformation of 
polymer chains in these solvents. In accordance with the literature [Bra75], the degree of the 
swelling or conformation of polymer chains in solvents is expected to be governed by the 
quality of the solvent.  
The UV-VIS measurements, conducted in various organic solvents elucidated the 
sensitivity and dynamic range of the optical response of nanohybrid assemblies. Figure 7.1 
shows UV-VIS spectra of Au-PS brushes in a variety of solvents. Surface plasmon absorption 
band originally appeared with a maximum absorbance at 560 nm when brushes are in dry 
state. When polymer brushes were immersed in toluene, the absorption band was found to 
appear at 528 nm, showing the dramatic blue shift of 32 nm with respect to that of gold 
nanoparticles on dry polymer brushes. It can be attributed to the solvent induced swelling of 
polymer chains and higher mobility of their free ends in toluene, which caused increase in 
interparticle distance of Au nanoparticles, located at the top of polymer chains (as shown in 
Scheme 7.1). Furthermore, when surrounding media was changed from toluene to ethanol, 
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the absorption maxima was found to shift from 528 nm to 543 nm as ethanol is a poor solvent 
for polystyrene and brushes are expected to be collapsed in this surrounding medium. Thus, 
the position of the peak has been found to be dependent on the interaction between polymer 
brushes and surrounding solvent. This largely depends on the nature of solvent which causes 
swelling /deswelling of brushes which in turn gives rise to a corresponding UV-VIS peak 
depending on interparticle distance between gold nanoparticles. It should be noted that this 
solvent induced shift in absorption maxima was found to be completely reversible.  
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Figure 7.1 UV-VIS spectra of Au NPs immobilized PS brushes in different surrounding 
media. 
 
Variation in the position of plasmon absorption band with different organic solvents is 
depicted in Figure 7.2. These results reveal that absorption band positions are controlled by 
the nature of the organic solvents [Bra75]. Tokareva et al demonstrated the shift in surface 
resonance band, when distance between the Au nanoparticles adsorbed on poly(2-
vinylpyridine) polymer brushes and those on the substrate, was altered by pH induced 
swelling of P2VP chains [Tok04]. In comparison to this study, sensing mechanism of 
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prepared nano-assemblies is based on the change in interparticle distance of Au nanoparticles 
located on the top of polymer chains. Moreover, the employed polymer support i.e. 
polystyrene brushes are specifically responsive to a series of organic solvents as shown in 
Figure 7.2.  
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Figure 7.2 Position of absorption maxima of Au NPs immobilized PS brushes in different 
surrounding media. 
 
It is also important to emphasize here that this shift in absorption maxima is not 
induced by the change in refractive index of surrounding media. If it were so, it could have 
been resulted into only a red-shift in the maximum position with increase in refractive index 
of solvent, as reported by Nath et al [Nat02a]. In contrast, here the absorption band position 
depends on the solvent quality irrespective of the refractive index. It strongly suggests that 
solvent induced change in conformation of chemically grafted polystyrene chains is the 
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driving force for this modulation of the position of plasmon resonance band of immobilized 
Au NPs.  
7.3 Fabrication of pH nanosensors 
 
Similar to the PS-Au NPs nanoassemblies, P2VP-Ag NPs system (preparation described 
in Chapter 6, Section 6.3) has been used in the fabrication of nanosensors but for the 
detection of the pH of surrounding media. The pH induced swelling-deswelling of P2VP 
brushes was explored to modulate the interparticle distances of immobilized Ag NPs as 
shown in Scheme 7.2.  
 
Scheme 7.2 Schematic representation of reversible swelling of P2VP brushes loaded with Ag 
NPs in response to change in pH of surrounding media. 
 
Figure 7.3 shows swelling behaviour of P2VP brushes before and after the 
immobilization of Ag NPs at pH 2 water. One can observe that swollen thickness has reduced 
from 32 nm to 20 nm after the immobilization of nanoparticles. It can be ascribed to the 
interaction of Ag nanoparticles with the P2VP polymer chains through the pyridyl rings. It 
should be underlined here that after the immobilization of these nanoparticles, number of the 
available pyridyl rings for the protonation at pH 2, are decreased and hence the coulombic 
repulsion among polymer segments is also reduced.  
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Figure 7.3 Swelling of P2VP brushes, as measured by spectroscopic ellipsometry (a) before 
and (b) after the Ag NPs immobilization. 
As shown in Figure 7.4a, the absorption maximum of the UV-VIS absorption band of 
the immobilized Ag NPs has been found to shift by 20 nm when pH of the surrounding media 
was changed from pH 6.0 and 2.0 (from 430 nm to 410 nm). It can be attributed to the 
stretching of P2VP chains and hence an increase in the thickness of Ag NPs immobilized 
P2VP brushes from 8 nm to 20 nm (as shown in Figure 7.3b).  
 
 
Figure 7.4 (a) UV-VIS spectra of P2VP immobilized Ag NPs taken in fully stretched (pH 2 
water) and fully collapsed (pH 6 water) state of polymer brushes and (b) shift in UV-VIS 
absorption peak maxima of immobilized Ag NPs as a function of the pH of surrounding 
media. 
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The swelling of the polymer brushes [Tok04] at lower pH causes an increase in 
interparticle distance of the immobilized Ag NPs (as shown in Scheme 7.2), leading to a blue 
shift in their absorption maxima. As mentioned earlier, this swelling in P2VP brushes has 
been found to be reversible in nature. When surrounding media was shifted from pH 2 to pH 
6, it resulted into a shift of absorption maxima from 410 nm to 430 nm. Shrinkage of the 
polymer brushes brings the immobilized Ag NPs closer to each other, causing the aggregation 
and hence a red shift in their band position. Figure 7.4b illustrates the variation in the position 
of absorption band maximum of immobilized Ag NPs against the pH of the surrounding 
media. The sensitivity of these nanoassemblies for the detection of the pH is quite remarkable 
and of the same level as that measurable by more complex techniques (in terms of 
instruments and data processing), such as ellipsometry, SPR or fluorescence labelling, 
because even a slight difference in the brush thickness is easily detectable by the UV-VIS 
spectroscopy.  
7.4 Conclusions 
 
In summary, fabrication of extremely straightforward but highly sensitive solvent and 
pH nanosensors have been demonstrated, based on solvent and pH induced swelling of 
polymer brushes coupled with surface plasmon resonance of Au and Ag nanoparticles, 
respectively. The described system has following advantages over previous studies (1) The 
change in plasmon absorption band of immobilized Au/Ag nanoparticles can be detected by a 
simple analytical tool i.e. UV-VIS absorption spectroscopy and the sensitivity is of same 
level as that measurable by more complex techniques (in terms of instruments and data 
processing), such as ellipsometry, SPR, or fluorescence labelling. (2) Particles have a good 
adhesion to the polymer support, which excludes the possibilities of their leakage even after 
multiple uses and (3) The P2VP-Ag NPs system is quite stable at lower pH; unlike to the 
P2VP-CdSe system reported by Ionov et al [Ion06] and (4) these systems are not limited to 
the reflecting surfaces only because they detect variation in interparticle distances of 
APPLICATIONS                                                                                                                     119 
 
immobilized NPs due to change in thickness of polymer brushes in response to the external 
trigger. (5) This approach is versatile in nature as it can be used for the fabrication of 
nanosensor devices based on temperature, pH and ionic strength responsive polymer brushes.  
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Chapter 8. Summary and Outlook. 
 
In the present thesis, exploitation of well defined responsive polymer brushes for direct 
and controlled immobilization of metal/semiconductor nanoparticles on macroscopic surfaces 
has been demonstrated. The employed approach offers the possibility of the organisation of a 
variety of inorganic nanoparticles by irreversible bonding and homogenous distribution on an 
underlying substrate. The immobilization process has been realized by chemical grafting of a 
variety of polymer brushes on a suitable substrate followed by the attachment of pre-/in-situ 
formed nanoparticles exploiting the chemical/physical interactions between surface 
functionalities of nanoparticles and polymer chain segments. A number of polymer brushes 
including poly (acrylic acid), polystyrene, poly (2-vinyl pyridine) and poly (N-isopropyl 
acrylamide) brushes have been used and prepared on silicon substrate by the “grafting to” 
approach. A variety of inorganic nanoparticles such as quantum dots (CdTe) noble metals 
(gold and silver) and magnetic (Fe3O4) were immobilized on macroscopic surfaces to impart 
them photo luminescent, catalytic or magnetic properties. In addition, responsiveness of 
grafted polymer brushes in terms of variation in thickness (due to changes in chain 
conformation) as a function of external stimuli such as solvent and pH allowed to use the 
resulting polymer brush-nanoparticles nanoassemblies in the fabrication of nanosensors. The 
design of fabricated nanosensors is based on the modulation in the interparticle distance of 
immobilized nanoparticles due to swelling/deswelling of underlined polymer brushes in 
response to some external trigger. Following nanoassemblies were prepared and 
characterized.  
Amino functionalized CdTe quantum dots were covalently bonded with carboxylic 
groups of polyacrylic acid brushes via amide bonding. Atomic force microscopy (AFM) 
showed a change in surface morphology and roughness of polymer brushes before and after 
the immobilization of NPs. Covalent linkage between nanoparticles and polymer brushes was 
proven by X-ray photoelectron spectroscopy (XPS). Quantum dots retained their optical 
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properties even after the immobilization as proved by photoluminescence spectroscopy and 
fluorescence microscopy. Strong suppression of the growth of CdTe particle rich domains 
was observed while using PAA brushes with thicknesses comparable to the diameter of the 
used nanoparticles.  
Gold nanoparticles were immobilized on end functionalized polystyrene brushes via 
hydrogen bonding. Presence of Au nanoparticles on polystyrene brushes was confirmed by 
atomic force microscopy, X-ray photoelectron spectroscopy and UV-VIS spectroscopy. 
Solvent responsiveness of polystyrene brushes enabled the detection of nanoscale optical 
changes based on localized surface plasmon resonance (LSPR) of immobilized Au 
nanoparticles. The sensing mechanism is based upon the change in the proximity of the 
immobilized Au nanoparticles as a consequence of the solvent induced reversible swelling-
deswelling of polystyrene chains. The sensing ability was demonstrated by shift in plasmon 
resonance band caused by variation in the surrounding media and thus could be successfully 
used for the fabrication of chemical nanosensor for the detection of a variety of organic 
solvents. 
Immobilization of Ag nanoparticles onto the Poly(2-vinyl pyridine) brushes was carried 
out by performing the in-situ preparation of Ag nanoparticles via chemical reduction of silver 
nitrate (AgNO3). The electrostatic interaction between electron deficient Ag
+ ions and 
electron rich pyridyl ring of P2VP brushes led to the immobilization of Ag nanoparticles on 
polymer brushes. The effect of various reaction parameters such as employed concentration 
of AgNO3 salt and reduction time on the immobilization process has been demonstrated. 
Quantitative analysis revealed an increase in loaded amount and surface coverage of the Ag 
NPs on polymer brushes as a function of the employed AgNO3 salt concentration in reaction 
media. Immobilization of Ag NPs onto the P2VP brushes has been confirmed by atomic force 
microscopy, X-ray photoelectron spectroscopy and ultraviolet-visible spectroscopy. Finally, 
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the system was used to fabricate nanosensors for detecting the pH of surrounding aqueous 
medium based on swelling/deswelling of P2VP brushes in response to pH.  
Magnetic nanoparticles (Fe3O4 NPs) were prepared by the hydrothermal coprecipitation 
method and functionalized with amino groups using 3-aminopropyl trimethoxysilane as 
surface modifier. The surface functionalization of nanoparticles was confirmed by IR 
spectroscopy. Subsequently, these particles were immobilized on temperature responsive 
PNIPAAm brushes by exploiting hydrogen bonding between amide groups present on 
polymer brushes and amino groups of Fe3O4 NPs. AFM, XPS and magnetic measurements 
proved the presence of particles on polymer brushes. Magnetic measurements revealed that 
immobilized magnetic nanoparticles turn their nature from ferromagnetic to super 
paramagnetic with the collapse of PNIPAAm brushes with an increase in temperature. The 
obtained system can find application in the fabrication of temperature nanosensors or 
magnetic nanodevices. PNIPAAm brushes were also used for the immobilization of carboxyl 
functionalized gold nanoparticles by physical interaction (hydrogen bonding) between 
carboxylic groups of Au particles and amide group present at the free end of the polymer 
chains. Adsorption of gold nanoparticles on the polymer brushes was confirmed by AFM, 
XPS and UV-VIS spectroscopy.  
Polyelectrolyte brushes (PSSNa) were synthesized and characterized using several 
surface characterization techniques. Effect of the nature and concentration of counter ions on 
the swelling behavior of fabricated polyelectrolyte brushes was studied using null 
ellipsometry.  
In comparison to previously reported studies on immobilization of NPs on macroscopic 
surfaces, the presented approach offers high loading of the nanoparticles. It can be attributed 
to the fact that brush layers offer large number of binding sites for the immobilization of NPs 
along the polymer chains. In addition, the strong bonding between NPs and polymer brush 
avoids or delays the leaching of NPs, which is the foremost requirement for devices based on 
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nanoparticles as leaching of loosely attached NPs may cause harmful effects in environment 
and diminishes the lifetime of nanodevices. Moreover, immobilized NPs can offer a large 
surface area as compared to the bulk material suggesting that nanoassemblies can also 
effectively be used e.g. as catalysts for different reactions.  
 
 
 
 
 
 
 
 
 
Scheme 8.1 Schematic presentation of the selective immobilization of two different types of 
nanoparticles on binary polymer brushes and their switching by an external trigger. 
In this thesis, it was demonstrated that different kinds of nanaoparticles can be 
permanently immobilized at/in polymer brushes which is advantageous for the avoidance of 
NP aggregates at the surface.  Further studies can be carried out on the basis of findings, 
reported in this thesis. For example, fabrication of a variety of polymer brushes-nanoparticles 
nanoassemblies, other than those attained in present work can be explored by employing the 
described approach and its applications in fabrication of nanodevices. As a new application, 
the use of metallic NPs as catalysts can be investigated. In addition, immobilization of two 
types of NPs on binary polymer brushes and their selective switching by external trigger can 
be investigated as shown in Scheme 8.1. Using such a more complex system, a multiple 
answers to environmental changes (change of distances between NPs of the same sort and of 
different sorts, change of distances of the different NPs to the substrate, switching exposure 
of one sort of NPs to the interface etc. can be achieved. Those nanoassemblies may be 
effectively used in the fabrication of switchable nanodevices and catalysts based on the 
switching properties of the used binary brush and the chemical and physical nature of the 
(two) kinds of nanoparticles immobilized in the brush. 
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